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INTRODUCTION 

I f  i t  i s  meaningful t o  s i n g l e  out  one c h a r a c t e r i s t i c  of c o a l  a s  having unique 
importance, t h a t  d e s i g n a t i o n  would have t o  go t o  t h e  dynamic n a t u r e  of c o a l ' s  
chemical and p h y s i c a l  p r o p e r t i e s .  
c o a l  can and o f t e n  do undergo s u b s t a n t i a l  changes a f t e r  removal of t h e  coa l  
from i t s  n a t u r a l  environment. This  phenomenon is known a s  weathering and can 
a l t e r  t h e  c o a l ' s  c a l o r i f i c  va lue ,  b e n e f i c i a t i o n ,  coking,  l i q u e f i c a t i o n ,  and 
g a s i f i c a t i o n  c h a r a c t e r i s t i c s .  Weathering a l s o  i n f l u e n c e s  s tandard  t e s t s  and 
o t h e r  experimental  r e s u l t s ,  and t h u s  has  important  i m p l i c a t i o n s  with respect  
t o  fundamental r e s e a r c h  on t h e  s t r u c t u r e  and p r o p e r t i e s  of c o a l .  This  shor t  
review focuses  on t h e  incomplete  s t a t e  of o u r  knowledge of t h e  causes ,  e f f e c t s  
and i m p l i c a t i o n s  of c o a l  weather ing.  

The chemical  and p h y s i c a l  p r o p e r t i e s  of 
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CAUSES AND EFFECTS OF COAL WEATHERING 

Weathering commences once t h e  c o a l  i s  unearthed and/or  removed from the  coa l  
seam u n l e s s  p r e c a u t i o n s  a r e  taken  t o  prevent  i t s  exposure t o  oxygen ( a i r )  and 
changes i n  temperature  and humidity. 
subsequent r e a c t i o n  wi th  t h e  oxygen i n  a i r  is  recognized as t h e  m o s t  important 
c o n t r i b u t o r  t o  weather ing.  The r e a c t i o n  of t h e  c o a l  w i t h  oxygen occurs  
r e a d i l y  a t  ambient tempera ture ,  r e s u l t s  p r i m a r i l y  i n  o x i d a t i o n  of t h e  c o a l ' s  
organic  c o n s t i t u t e n t s ,  and l e a d s  t o  an i n c r e a s e  i n  t h e  oxygen content  and a 
decrease i n  t h e  atomic hydrogen-to-carbon r a t i o  of t h e  c o a l  (1-5). 

The genera l  o u t l i n e s  of t h e  o x i d a t i o n  of c o a l ' s  o rganic  c o n s t i t u e n t s  by oxygen 
have been w e l l  c h a r a c t e r i z e d .  Peroxides  have been d e t e c t e d  a s  t r a n s i e n t  
in te rmedia tes  i n  t h e  e a r l y  s t a g e s  of c o a l  o x i d a t i o n  ( 3 , 6 , 7 ) ,  and it i s  
g e n e r a l l y  thought t h a t  decomposi t ion of t h e  peroxides  l e a d s  t o  c r e a t i o n  of the  
new oxygen-containing f u n c t i o n a l  groups (3,6-13). 
carbonyl  and carboxyl  groups,  and e t h e r  l i n k a g e s  have been d e t e c t e d  o r  
i n f e r r e d  from w e t  chemical  and s p e c t r o s c o p i c  d a t a  (4,7,12-21). I n  g e n e r a l ,  
t h e  chemical s t r u c t u r a l  changes t h a t  accompany c o a l ' s  o x i d a t i o n  a t  low 
temperatures  (from ambient t o  20OoC) by molecular  oxygen a r e  s t r o n g l y  
dependent upon c o a l  rank, p a r t i c l e  s i z e ,  oxygen p a r t i a l  p r e s s u r e ,  moisture  
conten t ,  and temperature  (1-5,17,22,23) .  Considerable  u n c e r t a i n t y  s t i l l  
e x i s t s ,  however, concerning t h e  mechanisms whereby t h e  peroxides  a r e  formed 
and subsequent ly  decompose. 

The exposure of c o a l  t o  and i t s  

The format ion  of hydroxyl, 
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Perhaps t h e  most e l u s i v e  a s p e c t  of  t h e  r e a c t i o n  of c o a l  w i t h  oxygen has been 
i d e n t i f i c a t i o n  of t h e  i n i t i a t i o n  r e a c t i o n ,  t h e  s t e p  by which t h e  o x i d a t i o n  
r e a c t i o n  g e t s  s t a r t e d .  
e l e c t r o n s ,  one on each oxygen atom, and behaves a s  a d i r a d i c a l  (-0-0.) i t  i s  
too  unreac t ive  t o  be t h e  s p e c i e s  which a c t u a l l y  o x i d i z e s  t h e  c o a l .  However, 
t h e  f a c t  t h a t  c o a l  a l r e a d y  c o n t a i n s  s u b s t a n t i a l  c o n c e n t r a t i o n s  of carbon 
r a d i c a l s  ( 1 2 , 2 4 - 2 6 )  sugges ts  t h e  p o s s i b i l i t y  t h a t  i n i t i a t i o n  may occur  by 
r e a c t i o n  between molecular  oxygen and a carbon r a d i c a l  i n  t h e  c o a l  t o  form a 
peroxy r a d i c a l  (Coal-000). 
i n i t i a t o r  f o r  f r e e  r a d i c a l  cha in  r e a c t i o n s  which lead  t o  peroxides  and t h e i r  
decomposition products .  
decomposition of t h e  peroxides ,  however, i s  not  unequivocal .  S ince  water ,  a 
p r o t i c  so lvent ,  i s  i n v a r i a b l y  present  i n  c o a l  and has  been observed t o  
f a c i l i t a t e  the  o x i d a t i o n  of c o a l  by oxygen (2 ,3 ,5 ,22 ,23)  t h e  decomposition of 
t h e  in te rmedia te  peroxides  might a l s o  occur ,  a t  l e a s t  i n  par t ,  v i a  i o n i c  
r e a c t i o n  mechanisms ( 2 7 ) .  C l e a r l y ,  many of t h e  mechanis t ic  a s p e c t s  of t h e  
o x i d a t i o n  of c o a l  by oxygen remain unresolved and p r e s e n t  c h a l l e n g i n g  problems 
f o r  f u r t h e r  explora t ion .  

The r e a c t i o n  of c o a l  w i t h  oxygen i s  a l s o  n o t o r i o u s  f o r  i t s  i d i o s y n c r a s i e s .  
One of t h e s e  i s  t h a t  t h e  thermoplas t ic  p r o p e r t i e s  of bituminous and 
subbituminous c o a l s  a r e  o f t e n  e x t e n s i v e l y  a l t e r e d  long b e f o r e  changes can be 
d e t e c t e d  i n  the  c o a l ' s  chemical composition (1 ,2 ,5 ,28 ,29) .  I n  g e n e r a l ,  
exposure of the  c o a l  t o  oxygen a t  ambient temperature  can r e s u l t  i n  a very 
rapid reduct ion i n  t h e  f l u i d i t y  t h a t  i t  e x h i b i t s  when heated and a s i g n i f i c a n t  
narrowing of i t s  p l a s t i c  temperature  range (5,10,28-30). The loss of t h e  
c o a l ' s  thermoplas t ic  p r o p e r t i e s  sugges ts  t h a t  a more h ighly  c ross - l inked  
macromolecular s t r u c t u r e  has been formed which w i l l  not  e a s i l y  m e l t  and f low 
when heated.  However, t h e  exac t  n a t u r e  of t h e  changes t h a t  occur  i n  t h e  
c o a l ' s  macromolecular s t r u c t u r e  which adverse ly  a f f e c t  i t s  thermoplas t ic  
p r o p e r t i e s  remain p o i n t s  of c o n s i d e r a b l e  u n c e r t a i n t y  and i n t e r e s t .  

The weathering of c o a l ' s  inorganic  c o n s t i t u e n t s ,  i n  s h a r p  c o n t r a s t  t o  t h e  
s i t u a t i o n  with c o a l ' s  o rganic  c o n s t i t u e n t s ,  i s  q u i t e  w e l l  understood.  Except 
f o r  t h e  i r o n  bear ing minera l  p y r i t e  which i s  r e a d i l y  a i r -oxid ized ,  t h e  c o a l ' s  
inorganic  c o n s t i t u e n t s  apparent ly  remain unchanged by weather ing (31-33). The 
p y r i t e  i n  coa l  is  oxid ized  i n i t i a l l y  t o  i r o n  s u l f a t e s ,  which a r e  then 
transformed t o  i r o n  oxyhydroxide (33) .  P y r i t e  o x i d a t i o n ,  a s  expected,  is 
a c c e l e r a t e d  by i n c r e a s i n g  humidity, t empera ture ,  and oxygen p a r t i a l  p ressure .  
Although o x i d a t i o n  of t h e  c o a l ' s  o r g a n i c  and i n o r g a n i c  c o n s t i t u e n t s  occur  
s imultaneously,  they are g e n e r a l l y  regarded as q u i t e  s e p a r a t e  processes .  

Another c o n t r i b u t o r  t o  weather ing i s  t h e  s t r e s s e s  caused by c y c l i c  s o r p t i o n  
and desorp t ion  of moisture  which produce f i s s u r e s  and c r a c k s  t h a t  mechanically 
weaken t h e  c o a l  (2 ,5 ,34) .  T h i s  d e c r e p i t a t i o n  phenomenon i s  r e f e r r e d  t o  a s  
s lackening.  The thermal  cyc l ing  of c o a l  a l s o  c o n t r i b u t e s  t o  s lackening.  
Slackening i s  much more rapid and e x t e n s i v e  f o r  l i g n i t e s  and subbituminous 
c o a l s  than f o r  h igher  rank c o a l s  (5 ,34) .  Slackening can a l s o  a c c e l e r a t e  
o x i d a t i o n  by i n c r e a s i n g  t h e  exposed s u r f a c e  a r e a  of t h e  c o a l  t o  a i r .  
o x i d a t i o n  can be a c c e l e r a t e d  by s lackening ,  i t s  p o s s i b l e  p a r t i c i p a t i o n  i n  and 
importance t o  s lackening has  not  been s t r e s s e d  o r  s t u d i e d .  The o x i d a t i o n  of 
c o a l ' s  o rganic  c o n s t i t u e n t s  could p a r t i c i p a t e  i n  s lackening  through t h e  
c r e a t i o n  of new hydrophi l ic  s i t e s  which would promote mois ture  sorp t ion .  

Although t h e  oxygen molecule has  two unpaired 

The peroxy r a d i c a l  could then  s e r v e  a s  t h e  

The evidence f o r  f r e e - r a d i c a l  c h a i n  processes  f o r  the  

Although 
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TECHNOLOGICAL ASPECTS OF COAL WEATHERING 

The changes i n  c o a l ' s  chemical  and p h y s i c a l  p r o p e r t i e s  produced by weathering 
may a f f e c t  t h e  s u i t a b i l i t y  of t h e  c o a l  f o r  e x i s t i n g  and f u t u r e  technologica l  
uses. C o a l ' s  major domest ic  u s e s  i n c l u d e :  d i r e c t  combustion f o r  e l e c t r i c i t y  
genera t ion  and f o r  i n d u s t r i a l  p rocess  h e a t ,  steam and power genera t ion ;  and 
conversion t o  coke f o r  s teel  product ion  ( 3 5 ) .  Coal-based s y n t h e t i c  f u e l  (gas  
and l i q u i d )  and chemical technologies  a r e  c u r r e n t l y  under development. 
Coal-water and c o a l - o i l  s l u r r i e s  a r e  a l s o  being i n v e s t i g a t e d  a s  p o t e n t i a l l y  
economical means of conver t ing  s o l i d  c o a l  i n t o  a form s u i t a b l e  f o r  t r a n s p o r t  
through p € p e l i n e s  and use a s  a l i q u i d - l i k e  f u e l .  

Oxidat ion reduces t h e  c a l o r i f i c  va lue  of c o a l .  Low rank c o a l s  w i l l  l o s e  about 
190 Btu-per-pound f o r  each  1% i n c r e a s e  i n  oxygen content  while  high rank coa ls  
w i l l  l o s e  about 240 Btu-per-pound f o r  each  1% i n c r e a s e  i n  oxygen content  (34). 
The oxygen content  of f r e s h l y  mined and crushed l i g n i t e  c o a l s  can  i n c r e a s e  
s e v e r a l  percent  i n  a m a t t e r  of weeks when t h e  c o a l  is  s t o r e d  i n  a i r  a t  ambient 
temperature. Such r a p i d  o x i d a t i o n  can l e a d  t o  spontaneous combustion of the  

_ _ _  -- coal  under c e r t a i n  s t o r a g e  c o n d i t i o n s  (34,36) .  ~ _. 

Oxidat ion a l s o  conver t s  c o a l  t o  a more h y d r o p h i l i c  m a t e r i a l  which makes 
b e n e f i c i a t i o n  more d i f f i c u l t .  The purpose of b e n e f i c i a t i o n  is t o  upgrade the 
q u a l i t y  of t h e  c o a l  so  t h a t  i t  c a n  meet s p e c i f i c  end-use requirements. 
B e n e f i c i a t i o n  is p r i m a r i l y  c a r r i e d  out  t o  reduce t h e  minera l  m a t t e r  ( inc luding  
p y r i t e )  and c l a y  conten t  of t h e  c o a l .  Oxida t ion  reduces t h e  
hydrophobici ty-hydrophi l ic i ty  d i f f e r e n c e s  between c o a l ' s  o rganic  c o n s t i t u e n t s  
and mineral  m a t t e r  which, i n  t u r n ,  makes i t  more d i f f i c u l t  t o  s e l e c t i v e l y  
s e p a r a t e  minera l  m a t t e r  p a r t i c l e s  on t h e  b a s i s  of t h e i r  hydrophi l ic  s u r f a c e  
p r o p e r t i e s  (37-39). T h i s  r e s u l t s  i n  a r e d u c t i o n  i n  t h e  e f f i c i e n c y  of 
b e n e f i c i a t i o n  by f l o t a t i o n ,  agglomerat ion and f l o c c u l a t i o n  processes .  

The new oxygen-containing f u n c t i o n a l  groups t h a t  a r e  c r e a t e d  when t h e  c o a l  is 
oxidized a l s o  i n c r e a s e  its a d s o r p t i v e  a f f i n i t y  f o r  p o l a r  molecules  such as 
water  a s  wel l  as i t s  water s o l u b i l i t y  (40-42). 
d ry ing  of c o a l  becomes more energy i n t e n s i v e  and less e f f i c i e n t  a s  t h e  c o a l ' s  
degree of o x i d a t i o n  i n c r e a s e s .  The s t a b i l i t y  and v i s c o s i t y  of coal-water  and 
c o a l - o i l  s l u r r i e s  would a l s o  be a f f e c t e d  by t h e  more p o l a r  s u r f a c e  p r o p e r t i e s  
of p a r t i c l e s  of oxidized c o a l .  A d d i t i o n a l l y ,  t h e  peroxides  produced dur ing  
c o a l  ox ida t ion  could p o t e n t i a l l y  have a d e t r i m e n t a l  a f f e c t  on t h e  s t a b i l i t y  
and v i s c o s i t y  of c o a l - o i l  s l u r r i e s .  

The d e t r i m e n t a l  e f f e c t s  of o x i d a t i o n  on a c o a l ' s  s u i t a b i l i t y  f o r  producing 
high-qual i ty  m e t a l l u r g i c a l  coke have been e x t e n s i v e l y  s t u d i e d  (1,2,5,16,28,43)  
and a r e  w e l l  understood from a p r a c t i c a l  viewpoint. 
inc lude  reduct ion  i n  coke s t r e n g t h ,  c o a l  bu lk-dens i ty-cont ro l  problems, 
overheated charges,  carbon d e p o s i t s  lead ing  t o  oven damage, coke handl ing 
problems, and reduced coke y i e l d s  as a r e s u l t  of increased  coke breeze ,  
increased  coke r e a c t i v i t y  and decreased  coking r a t e  (1 ,2 ,5 ,16 ,43) .  One 
important  e f f e c t  of o x i d a t i o n  is t o  d e s t r o y  t h e  c o a l ' s  thermoplas t ic  
p r o p e r t i e s  which, i n  t u r n ,  p r e v e n t s  i t s  organic  components from adequate ly  
f u s i n g  and binding t o g e t h e r  d u r i n g  t h e  coking process .  
reduct ion  i n  coke s t r e n g t h  and y i e l d .  

Hence, t h e  dewater ing and 

The adverse  e f f e c t s  

This  r e s u l t s  i n  a 
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The e f f e c t s  of ox ida t ion  on c o a l ' s  behavior  dur ing  thermal  process ing  can be 
predic ted  t o  be profound but have not  been e x t e n s i v e l y  i n v e s t i g a t e d .  
oxygen-containing f u n c t i o n a l  groups t h a t  a r e  c r e a t e d  when t h e  c o a l  i s  oxid ized  
w i l l  lead t o  increased  y i e l d s  of carbon monoxide and carbon d i o x i d e  a t  t h e  
expense of t a r  and/or  l i q u i d  y i e l d s  during g a s i f i c a t i o n ,  l i q u e f a c t i o n ,  
p y r o l y s i s ,  and thermal  depolymerizat ion i n  non-hydrogen-donating s o l v e n t s  
( 1 , 2 , 4 , 4 3 - 4 7 ) .  
t h a t  accompanies o x i d a t i o n  w i l l  a l s o  reduce i t s  swel l ing  dur ing  h e a t i n g ,  
e x t r a c t a b i l i t y  by organic  s o l v e n t s ,  and tend t o  i n c r e a s e  t h e  molecular  weight 
d i s t r i b u t i o n  of t h e  e x t r a c t a b l e  m a t e r i a l  and low-temperature p y r o l y s i s  tars  
( 1 , 2 , 4 6 , 4 7 ) .  An enhancement of c h a r  s u r f a c e  a r e a  (by a f a c t o r  of up t o  10)' 
and g a s i f i c a t i o n  r e a c t i v i t y  (by a f a c t o r  of up t o  4 0 )  has a l s o  been observed 
a s  a consequence of t h e  preoxida t ion  of bituminous c o a l s  ( 4 8 ) .  

The new 

The increased  cross - l ink ing  of c o a l ' s  macromolecular s t r u c t u r e  

CONCLUSIONS 

The changes brought about by weather ing t h a t  a f f e c t  t h e  s u i t a b i l i t y  of c o a l  
f o r  e x i s t i n g  and f u t u r e  t e c h n o l o g i c a l  u s e s  have a very d e f i n i t e  molecular  
b a s i s .  A t  a molecular l e v e l ,  however, we a r e  f o r  t h e  most p a r t  a t  a very 
p r i m i t i v e  l e v e l  of understanding of t h e  weather ing process .  I n  s p i t e  of t h e  
recent  research  i n t e r e s t  t h a t  has been shown i n  t h i s  important  phenomenon, 
i n s u f f i c i e n t  d e f i n i t i v e  experimental  d a t a  e x i s t  t o  permit  a d e t a i l e d  
mechanis t ic  d e s c r i p t i o n  t o  be w r i t t e n  which accounts  f o r  t h i s  phenomenon's 
complexi t ies  and i d i o s y n c r a s i e s .  The complexi ty  of t h e  c o a l  i t s e l f  
c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  exper imenta l  d i f f i c u l t i e s .  Hence, p r o g r e s s  
i n  e l u c i d a t i n g  t h e  mechanis t ic  d e t a t l s  of weather ing w i l l  r e q u i r e  a more 
aggress ive  approach and he lp  from many d i s c i p l i n e s .  
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SELECTION AND CHARACTERIZATION OF LOW-RANK COAL SAMPLES 

S.A. Benson, D.R.  K l e e s a t t e l ,  and H . H .  Schobert  

Un ive r s i ty  of North Dakota 
Energy Research Center  

Box 8213, U n i v e r s i t y  S t a t i o n  
Grand Forks ,  North Dakota 58202 

INTRODUCTION 

The c o l l e c t i o n  of low-rank coa l  samples a t  t h e  Un ive r s i ty  of  North Dakota 
Energy Research Center  (UNDERC) inc ludes  c o a l s  from t h e  major l i g n i t e  and sub- 
bituminous coa l  reg ions  of t h e  United S t a t e s .  P r imar i ly ,  t h e  coa ls  were c o l l e c t e d  
t o  provide  f r e s h ,  homogeneous, and we l l  c h a r a c t e r i z e d  samples f o r  p r o j e c t s  i n  coa l  
s c i ence  r e sea rch  a t  UNDERC. I n  t h e  p a s t ,  r e sea rch  has  been performed--on~-coa-l-in 
which no in fo rma t ion  was r e p o r t e d  o r  a v a i l a b l e  ~on--how t h e  samples were prepared  and 
s t o r e d ,  o r  on the  geography 2nd. geol-ogy o ? t h e  coa l  seam. Richard Neavel (1) po in t -  
ed.~out t h a t  work on "poor ly  s e l e c t e d ,  poor ly  c o l l e c t e d ,  poor ly  prepared ,  poor ly  pre-  
served and poor ly  c h a r a c t e r i z e d  c o a l  samples w i l l  on ly  l ead  u s  i n t o  f u r t h e r  con- 
fus ion . "  I t  i s  impor tan t  t h a t  c o a l  s c i ence  r e sea rch  be performed wi th  c a r e f u l l y  
c o l l e c t e d ,  p repa red ,  and documented samples so t h a t  t h e  r e s u l t i n g  da ta  on coa l  pro- 
p e r t i e s ,  composi t ion ,  and r e a c t i v i t y  w i l l  be meaningful t o  o t h e r  r e sea rche r s .  

- 

I n  t h e  p a s t  s e v e r a l  y e a r s  a g r e a t  d e a l  of i n t e r e s t  has sur faced  dea l ing  wi th  
sample banks.  The American P h y s i c a l  Soc ie ty  (2)  i d e n t i f i e d  t h e  need f o r  a sample 
bank of w e l l - s e l e c t e d ,  c h a r a c t e r i z e d  and p rese rved  coa l  samples t h e  l a c k  of which 
has  been a major o b s t r u c t i o n  i n  t h e  p a s t  t o  advancement of c o a l  r e sea rch .  A Coal 
Sample Bank Workshop was he ld  i n  March 1981 sponsored by t h e  Gas Research I n s t i t u t e  
and the  U.S. Department of  Energy t o  i d e n t i f y  t h e  need and problems a s soc ia t ed  w i t h  
s e t t i n g  up a Nat iona l  Coal Sample Bank (3). I t  i s  our  hope t h a t  the  informat ion  
presented  i n  t h i s  paper  w i l l  be o f  use t o  r e sea rche r s  i n t e r e s t e d  i n  e s t a b l i s h i n g  a 
sample bank or i n t e r e s t e d  i n  i n c o r p o r a t i n g  low-rank coa l  samples i n  e x i s t i n g  sample 
banks.  The mot iva t ion  f o r  such  work a t  LINDERC i s  t h e  need f o r  t h i s  type o f  r e sea rch  
t o  be accomplished f o r  low-rank c o a l s .  

Channel samples of  low-rank c o a l s  have been c o l l e c t e d  from va r ious  mines i n  
North Dakota, Montana, Colorado, New Mexico, and Texas. The samples were c a r e f u l l y  
c o l l e c t e d ,  homogenized, and s t o r e d  in an  i n e r t  atmosphere.  The c o a l s  were prepared  
i n  s e v e r a l  d i f f e r e n t  s i z e s  from -1/2 i nch  t o  -60 mesh and q u a n t i t i e s  from 15 k i l o -  
grams t o  250 grams. A t  UNDERC t h e  c o a l s  w i l l  be used t o  s tudy  va r ious  coa l  f e a t u r e s  
such a s  t h e  d i s t r i b u t i o n  of i n o r g a n i c s ,  o rgan ic  s t r u c t u r e ,  a s h  and s l a g  chemis t ry ,  
phys i ca l  and mechanical p r o p e r t i e s ,  and p y r o l y s i s  and e x t r a c t i o n  behavior .  I n  ad- 
d i t i o n ,  t r a c e  element a n a l y s i s ,  p roximate ,  u l t i m a t e ,  h e a t  con ten t ,  a s h  f u s i o n ,  and 
a s h  a n a l y s i s  w i l l  be performed. 

SAMPLE SELECTION AND COLLECTION PROCEDURES 

The s e l e c t i o n  of c o a l s  was based e i t h e r  on some d e s i r e d  unique c h a r a c t e r i s t i c s  
such a s  sodium c o n t e n t ,  o r  s l a g  v i s c o s i t y ,  o r  on product ion  tonnage. The goa l  i s  
e v e n t u a l l y  t o  have a s e t  of c o a l s  a v a i l a b l e  which r ep resen t  a wide range of  coa l  
p r o p e r t i e s  c h a r a c t e r i s t i c  of low-rank c o a l s .  The s e l e c t i o n  and p repa ra t ion  o f  coa l s  
w i l l  be an ongoing p r o j e c t  a t  LJNDERC for a t  l e a s t  two more yea r s  and t h e  t o t a l  s u i t e  
of samples w i l l  ex tend  beyond t h e  c o a l s  c o l l e c t e d  t o  d a t e .  The c o a l  ranks t o  be 
inc luded  range from low-grade l i g n i t e  t o  high-rank subbituminous.  
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When a mine has  been chosen f o r  sampling,  a p i t  w i t h i n  t h e  s u r f a c e  mine is 
s e l e c t e d ,  based e i t h e r  on some unique c h a r a c t e r i s t i c  o r  on ready a c c e s s a b i l i t y  t o  
t h e  P i t .  A " t y p i c a l  s ec t ion"  i s  s e l e c t e d  f o r  sampling which i s  f r e e  of f a u l t s ,  
slumping, o r  evidence of groundwater flow. The f a c e  of  t h e  seam or seams t o  be 
sampled is cleaned t o  expose f r e s h  nonweathered c o a l  f r e e  from extraneous mineral  
m a t t e r  which may have f a l l e n  from t h e  overburden. The coa l  seam i s  measured and a 
megascopic d e s c r i p t i o n  is  made of  t h e  c o a l  and a s s o c i a t e d  sediments .  A channel 
sample is c o l l e c t e d  t o  provide approximately 100 ki lograms o f  c o a l .  I n  some Cases,  
one-kilogram samples a r e  a l s o  c o l l e c t e d  a t  v a r i o u s  i n t e r v a l s  thoughout the seam, 
i n c l u d i n g  overburden, i n t e rbu rden  ( i f  two seams a r e  sampled) and unde rc l ay ,  t o  s tudy  
t h e  within-seam v a r i a b i l i t y .  A l l  samples a r e  s e a l e d  i n  p l a s t i c  bags and t r a n s p o r t e d  
t o  UNDERC f o r  p r e p a r a t i o n .  A l i s t  of  samples c o l l e c t e d  through November 1983 i s  i n  
Table  1 .  

'\ 

TABLE 1 

LOW-RANK COALS COLLECTED 

Mine 

Absaloka (Sarpy Creek) 
Ind ian  Head 
Beulah (High-Na) 
Beulah (Low-Na) 
Gascoyne (Red P i t )  
Gascoyne (Blue P i t )  
Velva 
Spring Creek 
F a l k i r k  
Glenharold 
Colorado Coal Co. 
Navajo 
San Miguel 
Mart in  Lake 
Savage 
Center  

Rank - 
Subbituminous 
L i g n i t e  
L i g n i t e  
L i g n i t e  
L i g n i t e  
L i g n i t e  
L i g n i t e  
Subbituminous 
L i g n i t e  
L i g n i t e  
Subbituminous 
Subbituminous 
L i g n i t e  
L i g n i t e  
L i g n i t e  
L i g n i t e  

State 

Montana 
North Dakota 
North Dakota 
North Dakota 
North Dakota 
North Dakota 
North Dakota 
Montana 
North Dakota 
North Dakota 
Colorado 
New Mexico 
Texas 
Texas 
Montana 
North Dakota 

Region 

Powder R ive r  
F o r t  Union 
F o r t  Union 
F o r t  Union 
F o r t  Union 
F o r t  Union 
F o r t  Union 
Powder R ive r  
F o r t  Union 
F o r t  Union 
Green R ive r  
San Juan 
Gulf Coast 
Gulf Coast  
F o r t  Union 
F o r t  Union 

The channel sample i s  c rushed ,  s p l i t ,  and s t o r e d  i n  p l a s t i c  o r  g l a s s  c o n t a i n e r s  
under an argon atmosphere.  The c rush ing  i s  done u s i n g  a hammer m i l l .  A diagram 
which i l l u s t r a t e s  t h e  procedure used f o r  p repa r ing  t h e  c o a l s  i s  shown i n  F igu re  1. 
The f i n a l  s p l i t t i n g  of t h e  -60 mesh c o a l  i s  done by a r o t a r y  r i f f l e  i n  a n  argon- 
purged glove box. These samples a r e  s t o r e d  i n  p l a s t i c  o r  g l a s s  c o n t a i n e r s  which a r e  
i n  t u r n  sea l ed  i n  a p l a s t i c  pouch. The -8 mesh c o a l s  a r e  s t o r e d  i n  p l a s t i c  con- 
tainers and purged w i t h  a rgon .  

The samples c o l l e c t e d  a t  v a r i o u s  l o c a t i o n s  w i t h i n  t h e  seam a r e  p repa red  f o r  
s e l e c t e d  c h a r a c t e r i z a t i o n  t echn iques ,  such a s  pe t rog raphy  of s e p a r a t e d  l i t h o t y p e s ;  
x-ray d i f f r a c t i o n  o f  t h e  overburden; i n t e rbu rden ;  unde rc l ay ;  and t r a c e  element  
a n a l y s i s .  This type of  work i s  being done t o  examine t h e  v a r i a b i l i t y  of o rgan ic  and 
ino rgan ic  c o n s t i t u e n t s  w i t h i n  t h e  seam and t o  understand i n t e r r e l a t i o n s h i p s  between 
coa l  p r o p e r t i e s .  

\ 
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RESULTS AND DISCUSSION 

The geologic  and geographic  d e s c r i p t i o n  of t h e  sampling a r e a  a long  w i t h  the 
a n a l y t i c a l  de t e rmina t ions  w i l l  be a v a i l a b l e  f o r  a l l  samples.  The types  of anal-  
y t i c a l  r e s u l t s  be ing  ob ta ined  i n c l u d e  proximate ,  u l t i m a t e ,  hea t  c o n t e n t ,  ash  fus ion ,  
a s h  a n a l y s i s ,  and t r a c e  element a n a l y s i s .  A s  an example, t h e  r e s u l t s  ob ta ined  fo r  
Indian  Head l i g n i t e  w i l l  be summarized he re .  Table 2 summarizes t h e  geographic and 
geologic  d e s c r i p t i o n  of t h e  Ind ian  Head Mine. The r e s u l t s  o f  t h e  a n a l y t i c a l  de te r -  
mina t ions  f o r  t h e  t r a d i t i o n a l  u l t i m a t e ,  p roximate ,  h e a t  con ten t  and a s h  ana lys i s  a r e  
summarized i n  Table 3. The t r a c e  element de t e rmina t ions  performed by neut ron  a c t i -  
va t ion  a n a l y s i s  (NAA) a r e  l i s t e d  i n  Table 4 .  The NAA ana lyses  were made by North 
Caro l ina  S t a t e  U n i v e r s i t y  ( 4 ) .  

TABLE 2 

GEOGRAPHIC AM) GEOLOGIC DESCRIPTION 
OF INDIAN HEAD MINE 

- -  

County Mercer 
S t a t e  North Dakota 
Town Zap 
Bas in  W i  111s ton  
Group F o r t  Union 
Formation S e n t i n e l  Bu t t e  
Bed Beulah-Zap 
Age Paleocene 

Grand Forks Number 83-0008 
Sampling Date 11/83 

The informat ion  shown i n  Tables  2-4  is s t e a d i l y  supplemented by cha rac t e r -  
i z a t i o n  d a t a  from s e v e r a l  r e s e a r c h  groups w i t h i n  t h e  UNDERC Coal Sc ience  Div is ion ,  
which i n c l u d e  Ash and S lag  Chemis t ry ,  Organic Chemistry,  D i s t r i b u t i o n  of Inorganics  
and Geochemistry, Phys ica l  P r o p e r t i e s  and Mois ture ,  and Coal R e a c t i v i t y .  Samples of 
l i t h o t y p e s  have been sepa ra t ed  f o r  c h a r a c t e r i z a t i o n  by many of  t h e  above techniques 
t o  supplement t h e  "whole coa l "  d a t a .  Pe t rography is a l s o  be ing  performed on t h e  
homogenized channel sample and t h e  sepa ra t ed  l i t h o t y p e s .  

SUMMARY AND CONCLUSIONS 

The low-rank coa l s  have been c o l l e c t e d  t o  o b t a i n  c o a l s  which r ep resen t  a broad 
range of low-rank c o a l  c h a r a c t e r i s t i c s .  These c o a l s  a r e  c a r e f u l l y  c o l l e c t e d ,  p re -  
pared ,  and s t o r e d  under an a rgon  atmosphere.  These samples a r e  no t  comparable t o  
those  i n  a premium sample bank, because  they  a r e  s t o r e d  a t  room tempera ture  and a r e  
n o t  c o l l e c t e d  i n  l a r g e  r e se rve  q u a n t i t i e s .  A l l  t h e  d a t a  genera ted  w i l l  be en tered  
i n  a computer system and can be r e a d i l y  accessed .  The r e s u l t s  of s t u d i e s  on these  
c o a l s  w i l l  p rovide  i n s i g h t  i n t o  t h e  i n t e r r e l a t i o n s h i p s  of va r ious  coa l  p r o p e r t i e s ,  
bo th  with each o t h e r  and wi th  c o a l - s p e c i f i c  p rocess  responses .  
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TABLE 3 

RESULTS OF ANALYSES FOR INDIAN HEAD LIGNITE 

Ul t imate  Analys is  

C 
H 
N 
S 

Proximate 

Moisture 
V o l a t i l e  Mat te r  
Fixed Carbon 
Ash 

W t  % ( a s  r ece ived)  

44.08 
6 .36  
0 .64  
0 .38  

34 .0  
27 .4  
33.8 

4 .8  

Heat Content 7329 Btu / lb  

Ash Analys is  

Si02 

Fe203 
Ti02 

CaO 

Na20 

pzos 

MgO 

K 2 0  
so3 

\ TOTAL 

W t  % of  a s h  

21.1 
11.9 
8 .5  
1 . 0  
0 . 5  

20 .9  
6 . 5  

11.9 
0 . 1  

15 .6  

98 .1  

\ Mineralogy of  coa l  by x- ray  d i f f r a c t i o n  of low-temperature a s h  - 
quar t z  
k a o l i n i t e  
p y r i t e  

\ 

Carboxylic a c i d  group con ten t  2.48 meq/gram. 
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TABLE 4 

NEUTRON ACTIVATION ANALYSIS OF INDIAN HEAD LIGNITE FROM NORTH DAKOTA 

Element 

Titanium 
Iodine 
Manganese 
Magnesium 
Copper 
Vanadium 
Chlorine 
Aluminum 
Sama rium 
Uranium 

Concentration, ppm 

110 f 20% 
<3.0 
4 .6  t 5% 
410 f 15% 

3.00 ? 2% 
16 f 20% 

3020 t 1% 
0 . 4  f 2% 
0 . 3  f 10% 

( 2 5 . 0  

Lanthanum 4.7 f l.%- ~- ~ - 
a . - o  Cadmium 

Gold <0.001 
Arsenic 5 f 1% 
Antimony 0.2 f 1% 
Bromine 1 . 1  f 1% 
Sodium 6220 f 1% 
Potassium ( 5 0 0 . 0  
Cerium 7 . 8 0  i: 10% 

. ~~ 

~~ 

Calcium 
Selenium 
Thorium 
Chromium 
Europium 
Ytterbium 
Barium 
Cesium 
Silver 

Nickel 
Scandium 
Rubidium 
I ron 
Zinc 
Cobalt 
Silicon 
Molybdenum 

3760 ? 10% 
0.50  f 10% 

1 f 1% 
2 f 15% 

0.09 f 10% 
0 . 4  f 20% 
520 f 5% 
0 . 1  f 10% 
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PROCESS FOR PRODUCING LOW-ASH, LOW-SULFUR COAL 
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I n t r o d u c t i o n  

P rev ious  work has  shown t h a t  ash-forming m i n e r a l  m a t t e r ,  i n c l u d i n g  i r o n  py- 
r i t e s ,  can b e  removed from c o a l  by l e a c h i n g  f i n e - s i z e  c o a l  w i th  a h o t  c a u s t i c  
s o l u t i o n  under  p r e s s u r e  fo l lowed  by washing wi th  a d i l u t e  mineral a c i d  (1-4).  
Recent ly ,  s imilar r e s u l t s  have been ach ieved  by l e a c h i n g  f i n e - s i z e  c o a l  w i t h  ho t  
sodium c a r b o n a t e  s o l u t i o n s .  I n  b o t h  c a s e s  much of t h e  m i n e r a l  matter reacts wi th  
a l k a l i  t o  form a c i d - s o l u b l e  compounds. S i n c e  sodium c a r b o n a t e  i s  r ead i ly  a v a i l a b l e ,  
low i n  c o s t ,  and much l e s s  c o r r o s i v e  than  sodium hydrox ide ,  i t  could be used ad- 
van tageous ly .  U n f o r t u n a t e l y ,  i r o n  p y r i t e s  are n o t  l eached  as r e a d i l y  by sodium 
ca rbona te  s o l u t i o n s  as. by c a u s t i c  so l -u t ions .  
cumvented by employing a m u l t i s t e p  p r o c e s s  i n  which t h e  c o a l  i s  f i r s t  l eached  
under o x y d e s u l f u r i z a t i o n  c o n d i t i o n s  a t  120-150°C t o  e x t r a c t  p y r i t i c  s u l f u r  and 
then l eached  a t  h i g h e r  t e m p e r a t u r e  i n  t h e  same a l k a l i n e  s o l u t i o n  b u t  unde r  non- 
o x i d i z i n g  c o n d i t i o n s  t o  c o n v e r t  o t h e r  m i n e r a l s  t o  a c i d - s o l u b l e  materials.  P y r i t e s  
r e a d i l y  react w i t h  oxygen d i s s o l v e d  i n  h o t  a l k a l i n e  s o l u t i o n s  t o  form water- 
s o l u b l e  s u l f u r  s p e c i e s  ( 5 , 6 ) .  But i f  o x y d e s u l f u r i z a t i o n  i s  conducted a t  t h e  
h ighe r  t empera tu res  (250'C and above)  r e q u i r e d  f o r  t h e  r e a c t i o n  of o t h e r  mine ra l s  
w i th  a l k a l i ,  c o a l  l o s s e s  w i l l  b e  e x c e s s i v e  because  of o x i d a t i o n .  The re fo re  a two- 
s t e p  l e a c h i n g  p r o c e s s  i s  needed.  The r e s u l t s  of a p p l y i n g  such a p r o c e s s  t o  
s e v e r a l  bi tuminous c o a l s  are p r e s e n t e d  below. 

However, thi-s a i f f i c d t y  can-be c i r -  

Experimental  Methods 

Bituminous c o a l s  from s e v e r a l  s o u r c e s  were used f o r  t h e  l e a c h i n g  experiments  
(Table 1 ) .  These c o a l s  were f i r s t  ground t o  p a s s  e i t h e r  a 200 or 400 mesh s c r e e n  
(U.S. s t a n d a r d ) .  
p h y s i c a l  s e p a r a t i o n  p r o c e s s  which reduced b o t h  t h e  a s h  and t o t a l  s u l f u r  c o n t e n t s .  
P rec l ean ing  invo lved  mixing t h e  ground c o a l  w i t h  p e r c h l o r o e t h y l e n e  and water, 
a l lowing  t h e  suspens ion  t o  se t t le ,  and s e p a r a t i n g  t h e  t w o  l i q u i d  l a y e r s  a s  pre- 
s c r i b e d  by Viv ian  ( 7 ) .  The c o a l  macerals tended t o  c o n c e n t r a t c  i n  t h e  

For  some l e a c h i n g  expe r imen t s  t h e  c o a l s  were p rec l eaned  by a 

Table  1. Bituminous c o a l s  used i n  l e a c h i n g  expe r imen t s  

Coal Seam Loca t ion  Coal Form S i z e ,  Ash', Tot .  Sb 
mesh w t .  % w t .  % 

I l l i n o i s  No. 6 T r i v o l i ,  IL. Raw -200 12.75 3.71 
I l l i n o i s  No. 6 T r i v o l i ,  I L  P rec l eaned  -200 4 . 9 2  2.83 

P i t t s b u r g h  No. 8 Moundsv i l l e ,  PA Prec leaned  -400 6.20 3.67 
P i t t s b u r g h  N o .  8 Moundsv i l l e ,  PA R a w  -400 37.11 6.55 

Lower K i t t a n n i n g  Armstrong Co.,  PA Raw -200 17.87 1 0 . 6 1  
- 

aDry basis 

bDry, a s h - f r e e  b a s i s  
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, perch lo roe thy lene  l a y e r  whereas  t h e  m i n e r a l s  tended t o  c o n c e n t r a t e  i n  t h e  wale:- 
l a y e r .  
ed.  Approximately 8 7 %  of t h e  I l l i n o i s  No. 6 coa l  and 7RX ,)I' L I I ~ ~  1'11 I !:1uii'p.l1 N,,. :i 
coal were recovered du r ing  p r e c l e a n i n g .  

This  procedure was r e p e a t e d  f i v e  times w i t h  each coa l  whjcli was p r r t ~ l i w i i  

These v a l u e s  a r e  expres sed  o n  an  ash-I  I-PL- 
1 b a s i s .  

7 

1 

\ 

\ 

For most l e a c h i n g  expe r imen t s ,  15g. of c o a l  and 120 m l .  of  a 1 .0  E sodium 
ca rbona te  s o l u t i o n  were placed i n  a 300-ml. s t i r r e d  r e a c t o r  made of t ype  316 s t a i n -  
less s t e e l .  The f i r s t  l e a c h i n g  s t e p  involved r e a c t i o n  w i t h  oxygen d i s s o l v e d  i n  
t h e  s o l u t i o n  under  a p a r t i a l  p r e s s u r e  of 13 .6  atm. a t  150°C f o r  1 h r .  ( 5 ,  8) .  
During t h i s  s t e p  g a s  was b led  from t h e  r e a c t o r  t o  avo id  any bui ld-up of gaseous 
r e a c t i o n  p roduc t s  i n  t h e  system. Following t h e  f i r s t  s t e p ,  t h e  sys t em was purged 
w i t h  n i t r o g e n  and t h e  t empera tu re  of t h e  system was r a i s e d  t o  250"C, whereupon 
t h e  second l e a c h i n g  s t e p  was conducted f o r  an  a d d i t i o n a l  1 h r .  unde r  a n  i n e r t  
a tmosphere.  A f t e r  t h i s  t r e a t m e n t ,  t h e  r e a c t o r  w a s  coo led  q u i c k l y  and t h e  c o a l  
recovered by f i l t r z t i o n .  The f i l t e r  cake was washed w i t h  water ,  d r i e d  f o r  4 h r .  
i n  an  oven a t  95OC, weighed, and sampled f o r  chemical  a n a l y s i s .  A p o r t i o n  of  t h e  
l eached  c o a l  was washed w i t h  a mine ra l  a c i d  (2%) by s t i r r i n g  t h e  mix tu re  i n  a 
f l a s k  f o r  30 min. A f t e r  t h e  a c i d  t r e a t m e n t ,  t h e  c o a l  w a s  r ecove red  by f i l t r a t i o n  
and t h e  cake was washed w i t h  w a t e r ,  d r i e d ,  weighed, and sampled f o r  chemical  a n a l -  
y s i s .  These washing s t e p s  were conducted a t  e i t h e r  room t empera tu re  (25°C) o r  a t  
t h e  b o i l i n g  p o i n t  (100°C).  I n  some c a s e s ,  t h e  r e g u l a r  washing s t e p  w a s  extended 
by mixing t h e  a c i d - t r e a t e d  c o a l  w i th  b o i l i n g  w a t e r  f o r  30 min.,  f i l t e r i n g ,  and 
then  washing w i t h  more b o i l i n g  water. Ash and t o t a l  s u l f u r  c o n t e n t s  of t h e  c o a l  
were determined by s t a n d a r d  ASTM procedures  ( 9 ) .  

Experimental  R e s u l t s  

An i n i t i a l  s e t  of expe r imen t s  was conducted t o  s e e  how e f f e c t i v e  t h e  second 
l e a c h i n g  s t e p  was by i t s e l f  when n o t  preceded by t h e  o x y d e s u l f u r i z a t i o n  s t e p .  
For t h i s  set of expe r imen t s  r a w  c o a l s  were l eached  w i t h  a 1.0 E sodium c a r b o n a t e  
s o l u t i o n  a t  250'C and then  washed 1 , i t h  2% h y d r o c h l o r i c  a c i d  o r  s u l f u r i c  a c i d .  
When h y d r o c h l o r i c  a c i d  was employed, t h e  a c i d  washing s t e p  w a s  a lways conducted 
at t h e  b o i l i n g  p o i n t  and t h e  f i n a l  wa te r  washing s t e p  a t  r o o m  t empera tu re .  How- 
e v e r ,  when s u l f u r i c  a c i d  was used ,  t h e  washing s t e p s  were conducted a t  v a r i o u s  
t empera tu res  t o  see whether  t h e  t empera tu re  of t h e  a c i d  o r  t h e  wa te r  had any 
e f f e c t .  

The r e s u l t s  of t h e  f i r s t  s e t  of expe r imen t s  p r e s e n t e d  i n  T a b l e  2 i n d i c a t e  
t h a t  t h e  a s h  and t o t a l  s u l f u r  c o n t e n t s  of t h e  c o a l s  were r educed  s u b s t a n t i a l l y  
by t h e  t r ea tmen t  whi1.e t h e  p roduc t  r ecove ry  o r  y i e l d  was h i g h .  
t o  be a f f e c t e d  by t h e  s o u r c e  o f  t h e  c o a l  and t h e  washing t e m p e r a t u r e ,  bu t  i t  w a s  
n o t  c l e a r  whether  t hey  were a f f e c t e d  by t h e  t y p e  o f  a c i d .  The l a r g e s t  p e r c e n t a g e  
r educ t ion  i n  e i t h e r  a s h  c o n t e n t  o r  t o t a l  s u l f u r  c o n t e n t  w a s  ach ieved  w i t h  I l l i n o i s  
No, 6 c o a l .  I n  r u n  3 t h e  a s h  c o n t e n t  of I l l i n o i s  No. 6 c o a l  was reduced by 83% 
and t h e  t o t a l  s u l f u r  c o n t e n t  by 39%. The l eached  c o a l  w a s  washed w i t h  h o t  s u l f u r i c  
a c i d  i n  t h i s  run .  Somewhat poore r  r e s u l t s  were r e a l i z e d  when c o l d  s u l f u r i c  a c i d  
w a s  used. Also,  extended washing w i t h  h o t  water had l i t t l e  e f f e c t  when c o l d  a c i d  
was empl.oyed. 

The r e s u l t s  seemed 

The raw P i t t s b u r g h  No. 8 c o a l  had a v e r y  h igh  a s h  c o n t e n t  which w a s  reduced 
about  one-third by t h e  s i n g l e - s t e p  l e a c h i n g  and washing t r e a t m e n t  (Table  2 ) .  The 
t o t a l  s u l f u r  c o n t e n t  w a s  reduced 18-23% by t h i s  t r e a t m e n t .  It seemed t o  make 
l i t t l e  d i f f e r e n c e  which a c i d  was a p p l i e d  t o  t h e  l eached  c o a l .  

The r e s u l t s  achieved w i t h  Lower K i t t a n n i n g  c o a l  were i n t e r m e d i a t e  between 
t h o s e  achieved w i t h  t h e  o t h e r  c o a l s .  Thus, che a sh  c o n t e n t  w a s  reduced 44-47% and 
t h e  t o t a l  s u l f u r  c o n t e n t  25-27% when t h i s  coal  w a s  l eached  w i t h  an a l k a l i n e  
s o l u t i o n  and washed wi th  e i t h e r  of t h e  ho t  a c i d s .  When t h e  l eached  c o a l  w a s  
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Table 2 .  K c s u l t s  or Leaching raw c o a l s  w i t h  a h o t  a lk ' i l i ne  s o l u t i o n  followed 
by washing. 

P roduc t  % Run Coal Acid Washin Water Washin 
No. Seam Acid Tempg,"C Yielda Ashb To t .  Sa 

1 

2 

3 

4 

5 

6 

7 

8 

9 
- 

Ill. 6 

Ill. 6 

Ill. 6 

Ill. 6 

P i t t s .  8 

P i t t s .  8 

Low K i t  . 
Low K i t .  

Low K i t .  

HCL 

H2S04 

H2S04 

H2S04 

HCL 

H2S04 

HCL 

H2S04 

"ZS04 

100 Regular  

25 Regular  

100 Regular  

25 Extended 

100  Regular  

25 Regular  

100  R e  p u l a  r 

25 Regular  

100 Regular  

25 

25 

100 

100 

25 

25 

25 

25 

100 

94 

94 

94 

94 

96 

96 

- 
89  

89  

89 

2.61 

3.40 

2.21 

3.97 

24.8 

24.5 
- 

9.44 

13.34 

10.05 

2.40 

2.72 

2.25 

2.67 

5 .03  

5.34 

7.70 

7.73 

8 .01 

aDry, a sh - f r ee  b a s i s  

bDry b a s i s  

washed w i t h  co ld  o u l L u r i c  a c i d ,  t h e  nsh c o n t e n t  w a s  reduced s l i g h t l y  less. 

A second set  of expe r imen t s  was conducted i n  which t h e  raw c o a l s  were l eached  
f i r s t  under o x y d e s u l f u r i z a t i o n  c o n d i t i o n s  and t h e n  under  nonox id iz ing  c o n d i t i o n s  
a t  h ighe r  t empera tu re  (250'C). A s  t h e  r e s u l t s  shown i n  T a b l e  3 i n d i c a t e ,  t h i s  
approach r e s u l t e d  i n  s i g n i f i c a n t l y  g r e a t e r  s u l f u r  removal.  Under t h e  b e s t  con- 
d i t i o n s ,  t h e  t o t a l  s u l f u r  c o n t e n t  o f  I l l i n o i s  No. 6 c o a l  was reduced 56%, 
P i t t s b u r g h  No. 8 c o a l  h3%, and Lower K i t t a n n i n g  c o a l  86%. The t o t a l  s u l f u r  con- 
t c n t  seelnetl t o  bc reduced hy abou t  t h e  amount of i n o r g a n i c  s u l f u r  p r e s e n t  i n  t h e  
raw c o a l .  

I n  most c a s e s  t h e  two-step 1.eaching method produced ? lower  ash c o n t e n t  t han  
t h e  s i n g l e - s t e p  l e a c h i n g  method. T h i s  r e s u l t  w a s  p robab ly  due t o  t h e  more com- 
p l e t e  removal of i r o n  p y r i t e s  by t h e  two-step approach.  Also when two l e a c h i n g  
s t e p s  were used,  a c l e a n e r  p r o d u c t  was ob ta ined  by washing w i t h  h y d r o c h l o r i c  a c i d  
t h a n  by washing w i t h  s u l f u r i c  a c i d .  However, when washing w i t h  hot  s u l f u r i c  a c i d  
w a s  fol lowed by extended washing w i t h  h o t  w a t e r ,  t h e  r e s u l t s  approached t h o s e  
ach ieved  by washing w i t h  h y d r o c h l o r i c  a c i d .  T h i s  e f f e c t  can  be seen  i n  t h e  c a s e  
of I l l i n o i s  No. 6 c o a l  by comparing t h e  r e s u l t s  of r u n  1 4  w i t h  t h o s e  of r u n  10 
and i n  the  c a s e  of Lower K i t t a n n i n g  c o a l  by comparing t h e  r e s u l t s  of run  20 w i t h  
t h o s e  of run  16.  

The c o a l  r ecove ry  on a d r y ,  a s h - f r e e  b a s i s  was s l i g h t l y  lower f o r  two l e a c h -  
i n g  s t e p s  than f o r  one l e a c h i n g  s t e p .  It seems l i k e l y  t h a t  t h e  lower r ecove ry  
was due to  c o a l  o x i d a t i o n  i n  t h e  f i r s t  s t e p .  Although t h e  c o a l  l o s s  was s m a l l ,  
p r e v i o u s  work ( 8 )  s u g g e s t s  t h a t  t h e  loss cou ld  b e  reduced t o  an even lower l e v e l  
by d e c r e a s i n g  t h e  t empera tu re  i n  t h e  f i r s t  s t e p .  

I n  t h e  f i n a l  s e t  of expe r imen t s ,  p rec l eaned  c o a l s  were l eached  by t h e  one- 
s t e p  an<: two-step methods u t i l i z e d  b e f o r e  w i t h  t h e  raw c o a l s .  The leached c o a l s  

, 

i i  
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Table 3 .  R e s u l t s  of two-step l e a c h i n g  of raw c o a l s  fo l lowed  by washing.  

\ 

Produc t  % 
Run Coal Acid Washin Water Washing 
No. Seam Acid Tern:., "C Type Temp., 'C Yielda Ashb To t .  Sa 

10 

11 

1 2  

1 3  

1 4  

15 

16 

1 7  

18 

19 

20 

Ill .  6 HCL 

I l l .  6 H2S04 
Ill.  6 H2S04 
111. 6 H2S04 

H2S04 Ill. 6 

P i t t s .  8 HCL 

Low K i t .  HCL 

Low K i t .  H,SO 

Low K i t .  

Low K i t .  

Low K i t .  

r 4  
H2S04 

H2S04 

H2S04 

100 

25 

100 

25 

100 

100 

100 

25 

100 

25 

100 

Regular  25 

Regular  25 

Regular  100 

Extended 100 

Extended 100 

Regular  25 

Regular  25 

Regular  25 

Regular  100 

Extended 1.00 

Extended 100 

91  1 . 8 2  1 .63  

9 1  4.07 1 . 8 1  

91  2.97 1 .84  

91  3.31 1 .65  

91  2.43 1 .62  

92 17 .3  2.41 

a5 2.38 1.49 

85 5.69 1 . 9 3  

85  3.21 1 . 9 6  

85  5.20 1.60 

85  2.74 1 .55  

aDry, a sh - f r ee  b a s i s  

'Dry b a s i s  

were washed wi th  h o t  h y d r o c h l o r i c  a c i d ,  fol lowed by wa te r  washing a t  room temper-. 
a t u r e .  By us ing  p rec l eaned  c o a l s ,  ve ry  low ash  c o n t e n t s  were ach ieved  w i t h  e i t h e r  
t h e  one-step o r  two-step l e a c h i n g  methods.  A s  Tab le  4 i n d i c a t e s ,  t h e  a s h  c o n t e n t  
of I l l i n o i s  No. 6 c o a l  was reduced t o  less than  0 .5% and t h a t  of P i t t s b u r g h  No. 8 
c o a l  t o  less  than  0.9% by e i t h e r  method. Thus by u s i n g  a combinat ion o f  p h y s i c a l  
and chemical c l e a n i n g  t h e  a s h  c o n t e n t  of I l l i n o i s  No. 6 c o a l  w a s  reduced 96% and 
t h e  a sh  c o n t e n t  a t  P i t t s b u r g h  No. 8 c o a l  98%. The combinat ion of p h y s i c a l  and 
chemical. c l e a n i n g  was p a r t i c u l a r l y  e f f e c t i v e  i n  t h e  c a s e  of P i t t s b u r g h  No. 8 c o a l ,  
s i n c e  even t h e  two-step l e a c h i n g  p r o c e s s  by i t s e l t  reduced t h e  a s h  c o n t e n t  of 
t h i s  coal  on ly  by one -ha l f .  

( :onihi i lcd p l i y s i c a l  nnd chemical c l e a n i n g  a l s o  achieved lower t o t a l  s u l f u r  con 
i e i i ~ s  LI1:iii was acliicvcd h y  e i  t.her imethod a l o n e  (Tab le  4 ) .  P h y s i c a l  p r e c l e a n i n g  
made more of  a d i f f e r e n c e  when i t  w a s  fol lowed by t h e  one-step l e a c h i n g  p r o c e s s  
t h a n  by t h e  two-step p r o c e s s .  However, t h e  lowes t  s u l f u r  c o n t e n t s  were ach ieved  
when t h e  two-step l e a c h i n g  p r o c e s s  w a s  a p p l i e d  t o  prec leaned  c o a l s .  A p p l i c a t i o n  
of t h i s  combinat ion reduced t h e  t o t a l  s u l f u r  c o n t e n t  by more t h a n  60% i n  t h e  c a s e  
of e i t h e r  I l l i n o i s  No. 6 c o a l  o r  P i t t s b u r g h  No. 8 c o a l .  

Conc lus ions  

A c o a l  1.eaching p r o c e s s  f o r  removing ash-forming m i n e r a l  matter has  been dem- 
o n s t r a t e d .  T h i s  p r o c e s s  invol.ves l e a c h i n g  E ine - s i ze  c o a l  w i t h  a h o t ,  d i l u t e  sodiun; 
c a r b o n a t e  s o l u t i o n  fol lowed by washing wi th  a d i l u t e  m i n e r a l  a c i d  and wa te r .  While 
much of t h e  mine ra l  m a t t e r  r e a c t s  w i t h  t h e  a l k a l i  a t  250°C t o  form a c i d - s o l u b l e  
compounds, i r o n  p y r i t e s  a r e  incomple t e ly  r e a c t e d  by t h e  h o t  a l k a l i  a l o n e .  T h i s  
d i f f i c u l t ) '  can be overcome by u s i n g  a two-step l e a c h i n g  p r o c e s s  i n  which oxygen i s  
in t roduced  under  p r e s s u r e  i n  t h e  f i r s t  s t e p  t o  conver t  t h e  p y r i t i c  s u l f u r  t o  wa te r -  
s o l u b l e  s p e c i e s .  The t empera tu re  of t h e  f i r s t  s t e p  shou ld  b e  l i m i t e d  t o  150'C 
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Table 4 .  Effect of coal precleaning on results of leaching experiments. 

Washed Product, X Run Coal Coal Leaching 
No. Seam Form Stepsa Yield AshC Tot. Sb 

I 

21 
1 

22 
10 

23 
5 

24 
15 

Ill. 6 
111. 6 

Ill. 6 
Ill. 6 

Pitts. 8 
Pitts. 8 

Pitts. 8 
Pitts. 8 

Precleaned 
Raw 

Precleaned 
Raw 

Precleaned 
Raw 

Precleaned 
Raw 

I1 only 
I1 only 

I & I1 
I & I1 

IT only 
I1 on1.y 

I & I1 
I & I1 

95 
94 

92 
91 

95 
96 

93 
92 

0.49 
2.61 

0.41 
1.82 

0.88 
24.8 

0.76 
17.3 

1.81 
2.40 

1.35 
1.63 

2.55 
5.03 

1.92 
2.41 - -  

aStep I: 150°C, 13.6 atm. 0 pressure. 

bDry, ash-free basis 

'Dry basiq 

to minimize coal oxidation. The leaching process can be combined advantageously 
with physical precleaning in produce coal with less than 1% ash and markely 
reduced sulfur content. 

2 - 
Step 11: 250"C, inert atmosphere 
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OXYDESULFURIZATION OF COAL. FURTHER STUDIES OF OXY-ALKALINOLYSIS 

C l i f f o r d  G .  Venier ,  Mono. M .  S ingh,  T e t s u o  Aida,, 
and Thomas G .  S q u i r e s  

Applied Organic  Chemistry,  A m e s  Laboratory-DOE*, 
Iowa S t a t e  U n i v e r s i t y ,  A m S ,  I A  5 0 0 1 1  

A l t h o u g h  i t  i s  c l ea r  t h a t  i n c r e a s i n g  a m o u n t s  o f  c o a l  W i l l  be  
burned  e a c h  y e a r  f o r  d e c a d e s ,  no s a t i s f a c t o r y  t e c h n o l o g y  f o r  t h e  
chemical  "deep c l e a n i n g "  of c o a l  has  been developed. This  s i t u a t i o n  
a r i s e s  f r o m  t h e  f a c t  t h a t  t h e  f o r m s  o f  o r g a n i c  s u l f u r  i n  c o a l s  a r e  
c h e m i c a l l y  reduced,  and t h e r e f o r e ,  r e l a t i v e l y  u n r e a c t i v e  under most 
d e s u l f u r i z a t i o n  c o n d i t i o n s .  E a r l y  a t t e m p t s  t o  deve lop  "oxy-desulfu- 
r i z a t i o n "  p r o c e s s e s  f a i l e d  t o  t a k e  i n t o  account  t h a t  o r g a n i c  s u l f u r  
i s  no more s u s c e p t i b l e  t o  f r e e  r a d i c a l  o x i d a t i o n  t h a n  a r e  carbon and 
hydrogen;  and t h u s ,  e v e n  t h o u g h  p y r i t i c  s u l f u r  i s  removed by t h e s e  
processes  no s e l e c t i v e  removal  of o r g a n i c  s u l f u r  can be  accomplished. 

The u s e  o f  more s u l f u r - s e l e c t i v e  -ei-ec-Crfroph?lic o x i d a n t s  t o  
c h e m i c a l l y  c l e a n  . c o a l  wa-s i n t r o d u c e d  by  t h e  J e t  P r o p u l s i o n  

~~ Labora-tory's aevelopment  o f  a c h l o r i n e  based p r o c e s s  (1-3). Unfortu- 
n a t e l y ,  t h i s  powerful  o x i d a n t  a l s o  c h l o r i n a t e s  c o a l ,  r e p l a c i n g  some 
of  t h e  carbon-hydrogen bonds w i t h  carbon-chlor ine  bonds; and as many 
a s  20 c h l o r i n e s  p e r  1 0 0  c a r b o n s  a r e  i n t r o d u c e d  (1, 3 ) .  Removal o f  
t h i s  i n a d v e r t e n t l y  i n t r o d u c e d  c h l o r i n e  became a new problem which h a s  
proved  v e r y  d i f f i c u l t  t o  s o l v e .  JPL h a s  a t t e m p t e d  t o  d e c h l o r i n a t e  
t h e  i n t e r m e d i a t e  p r o d u c t  u s i n g  a v a r i e t y  of  c o n d i t i o n s  i n c l u d i n g  
hydrogenat ion a t  t e m p e r a t u r e s  up t o  7OO0C ( 2 ) .  

~ . -- .- - ~ -  

c 

I n  t h e  meantime, TRW, I n c .  had shown t h a t  s u b s t a n t i a l  amounts of 
o r g a n i c  s u l f u r  a r e  a p p a r e n t l y  removed f r o m  c o a l  by h e a t i n g  it w i t h  
m o l t e n  c a u s t i c  (4-6). S i n c e  t h e  r e p l a c e m e n t  o f  o x i d i z e d  s u l f u r  
f u n c t i o n s  as  w e l l  as c h l o r i n e  by hydroxide i o n s  a r e  common r e a c t i o n s  
i n  both a l i p h a t i c  and a r o m a t i c  c h e m i s t r i e s ,  w e  reasoned t h a t  e l e c t r o -  
p h i l i c  o x i d a t i o n  f o l l o w e d  by  t r e a t m e n t  w i t h  s t r o n g  b a s e  would be  
s u p e r i o r  t o  e i t h e r  t r e a t m e n t  a lone.  

On t h i s  b a s i s ,  w e  d e v e l o p e d  a t w o - s t e p  p r o c e s s  f o r  t h e  d e s u l -  
f u r i z a t i o n  o f  c o a l  i n  w h i c h  t h e  c o a l  i s  f i r s t  m i l d l y  o x i d i z e d  and 
t h e n  h e a t e d  w i t h  a l k a l i n e  mater ia l s .  I n  o u r  f i r s t  r e p o r t  ( 7 ) ,  oxy-  
a l k a l i n o l y s i s  was  d e m o n s t r a t e d  t o  be  more e f f e c t i v e  t h a n  e i t h e r  
c h l o r i n a t i o n  o r  a l k a l i  f u s i o n .  We now wish t o  p r e s e n t  resul ts  u s i n g  
bromine as t h e  f i r s t  s t a g e  o x i d a n t  and add a few model s t u d i e s  which 
shed a d d i t i o n a l  l i g h t  on t h e  c h e m i s t r y  under ly ing  t h e  processes .  

General  
EXPERIMENTAL 

Western  Kentucky N o .  9 c o a l  f r o m  t h e  A m e s  Lab c o a l  l i b r a r y ,  
w h i c h  had been  p r e p a r e d  a n d  s t o r e d  u n d e r  0 - f r e e  c o n d i t i o n s ,  was  
u s e d .  B r o m i n a t i o n  o f  t h e  c o a l  and t h e  a l k a l i  f u s i o n  of  t h e  b r o m i -  
n a t e d  samples  were c a r r i e d  o u t  under N atmosphere. Before u s e ,  t h e  
c o a l  was s i z e d  t o  p a s s  t h r o u g h  a 2 0 2  US mesh screen. M e t h y l e n e  

*Operated fo r  the U.S. 
No. W-7405-Eng-82. 

Department of Energy by Iowa Sta te  University under Contract 
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c h l o r i d e ,  Potassium hydroxide  p e l l e t s  ( 8 5 % ) ,  potass ium i o d i d e ,  sodium 
t h i o s u l f a t e ,  po tass ium dichromate ,  and s o l u b l e  s t a r c h ,  a l l  c e r t i f i e d  
ACS g r a d e ,  were used a s  o b t a i n e d  from commercial  sources .  AR grade  
b r o m i n e  was used  i n  t h e  b r o m i n a t i o n  of  c o a l .  The a n a l y s i s  of  t h e  
samples  were c a r r i e d  o u t  by t h e  A m e s  Lab A n a l y t i c a l  S e r v i c e s .  

Bromination of Coal 

A t y p i c a l  p r o c e d u r e  f o r  t h e  b r o m i n a t i o n  of  c o a l  s a m p l e s  i s  
d e s c r i b e d  below: 

To a w e l l  s t i r r e d  m i x t u r e  o f  7 0  m l  of C H 2 C 1 2  and 50 m l  of  w a t e r  
was added an a c c u r a t e l y  weighed (about  2.50 g)  sample of  coa l .  While 
s t i r r i n g  t h e  m i x t u r e  v i g o r o u s l y ,  3 m l  (58.6 mmol) o f  b r o m i n e  was 
in t roduced  i n  t h r e e  equal  p o r t i o n s .  S t i r r i n g  w a s  e f f e c t e d  by u l t r a -  
s o n i c  i r r a d i a t i o n .  A f t e r  a t o t a l  o f  60 min., t h e  m i x t u r e  was  f i l -  
t e r e d  t h r o u g h  a p r e v i o u s l y  weighed  f l u o r o p o r e  f i l t e r  ( 3  m ,  M i l l i -  
pore) .  The c o a l  r e s i d u e  was thoroughly  washed 8-10 times u s i n g  20-25 
m l  of  w a t e r  e a c h  t i m e .  The b r o m i n a t e d  c o a l  was  t h e n  d r i e d  u n d e r  
vacuum i n  an oven a t  l l O ° C .  A f t e r  d r y i n g ,  t h e  g a i n  i n  weight  of  c o a l  
was recorded.  

Es t imat ion  of  Bromine 

I n  a s e p a r a t e  series of e x p e r i m e n t s ,  t h e  bromine l e f t  u n r e a c t e d  
a f t e r  t h e  brominat ion  of c o a l  w a s  e s t i m a t e d  by adding e x c e s s  of  K I  t o  
t h e  f i l t r a t e  and t i t r a t i n g  t h e  l i b e r a t e d  I 2  w i t h  Na2S20 p r e v i o u s l y  
s t a n d a r d i z e d  w i t h  K 2 C r 2 0 7  u s i n g  s t a r c h .  T h i s  enabled  us  30 d e t e r m i n e  
t h e  amount  o f  B r 2  consumed by  c o a l  ( 0 . 5  g )  d u r i n g  o x i d a t i o n .  The 
i n c o r p o r a t e d  B r 2  was e s t i m a t e d  from t h e  e l e m e n t a l  ana lyses .  

A l k a l i  Fusion -- 

I n  a t y p i c a l  e x p e r i m e n t  15 -10  g KOH was a t  f i r s t  f u s e d  a t  380° 
i n  a s t e e l  r e a c t o r  p l a c e d  i n  a s a l t  (NaN03+NaN02+KN0 ) b a t h  and 
f i t t e d  w i t h  a N i n l e t - o u t l e t  d e v i c e ,  p a d d l e  s t i r r e r  a n i  a p o r t  f o r  
loading coa l .  T%e molten mass of KOH was he ld  a t  380° u n t i l  no more 
water was expel led .  About 0.5 g of c o a l  was t h e n  i n t r o d u c e d  and t h e  
molten mass was s t i r r e d  a t  380'-390° f o r  3 0  min. A f t e r  c o o l i n g ,  t h e  
c o n t e n t s  of  t h e  r e a c t o r  v e s s e l  were mixed w i t h  water  and t h e  r e s u l -  
t i n g  s l u r r y  was a c i d i f i e d  w i t h  1:l H C 1 .  The m i x t u r e  was t h e n  k e p t  
over  a steam b a t h  f o r  3 0  min. and f i n a l l y  f i l t e r e d  through f l u o r o p o r e  
( 3  m ,  M i l l i p o r e ) ,  washed v e r y  t h r o r o u g h l y  w i t h  warm w a t e r ,  d r i e d  i n  
an oven under vacuum a t  llOo o v e r n i g h t .  

RESULTS 

I n  o r d e r  t o  unders tand  t h e  d a t a ,  w e  w i l l  e x p r e s s  changes i n  t h e  
c o a l  on o x i d a t i o n  and KOH f u s i o n  i n  terms o f  a t o m  r a t i o s ,  most 
u s u a l l y  a toms p e r  one hundred carbon atoms,  xX/lOOC. This  i s  equiva-  
l e n t  t o  gram-atoms of  X p e r  1 0 0  gram-atoms of carbon.  T h i s  approach 
a l l o w s  c a r e f u l  f o c u s  on c h a n g e s  i n  t h e  o r g a n i c  f r a c t i o n  o f  t h e  c o a l  
w i t h o u t  r e g a r d  t o  changes i n  t h e  m i n e r a l  matter. 

The resu l t s  of  c o a l  b r o m i n a t i o n  a r e  g i v e n  i n  Tables  1 and 2 and 
a number of  a s p e c t s  of  t h e  r e a c t i o n  of b i tuminous  c o a l  w i t h  bromine 
a r e  i l l u s t r a t e d  i n  F i g u r e  1. Up t o  a r a t i o  o f  more t h a n  1 0  mmol of 
b r o m i n e  p e r  1 0 0  g-atom o f  c a r b o n ,  a l l  of t h e  b r o m i n e  i s  consumed 
w i t h i n  t h e  6 0  minute  r e a c t i o n  t i m e .  The weight  of product  i n c r e a s e s  
markedly d u r i n g  t h e  e a r l y  s t a g e s  of brominat ion ,  i n c r e a s i n g  by about  
o n e - t h i r d  when 1 5  m o l e s  of b r o m i n e  p e r  1 0 0  g r a m - a t o m s  o f  c a r b o n  i s  
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used.  ~ n c r e a s i n g  t h e  r a t i o  beyond 1 5  g i v e s  no f u r t h e r  w e i g h t  i n -  
c rease .  As s e e n  i n  Table  2, a b o u t  one- four th  of  t h e  hydrogen i n  the  
c o a l  i s  l o s t  (see F i g u r e  2 a ) ,  e v e n  i n  t h e  most  l i g h t l y  b r o m i n a t e d  
s a m p l e s ,  and  s u l f u r  f a l l s  o f f  s l o w l y  and  s t e a d i l y  w i t h  i n c r e a s e d  
bromine consumption (See F i g u r e  3a) .  

Table  3 shows t h e  results of s u b j e c t i n g  t h e  p r e o x i d i z e d  samples 
t o  f u s i o n  w i t h  KOH f o r  30 m i n u t e s  a t  38OoC. Note  t h a t  u n d e r  t h e s e  
c o n d i t i o n s ,  t h e  s u l f u r  l eve l  o f  t h e  r a w  W. Kentucky # 9  c o a l  t r e a t e d  
w i t h  KOH a l o n e  i s  r e d u c e d  f r o m  1.9S/lOOC t o  0.7S/lOOC. T h e r e  i s  a 
small  i n c r e a s e  i n  t h e  s u l f u r  l e v e l  a f t e r  f u s i o n  when i n s u f f i c i e n t  
b r o m i n e  i s  u s e d ,  b u t  i n  g e n e r a l ,  t h e  s u l f u r  l e v e l s  a t t a i n a b l e  i n  3 0  
minute  KOH f u s i o n s  f o r  p r e o x i d i z e d  samples  d e c r e a s e s  w i t h  i n c r e a s i n g  
b r o m i n e  c o n s u m p t i o n  ( S e e  F i g u r e  3 b ) .  Under t h e  b e s t  c o n d i t i o n  a 
l e v e l  o f  O.lS/lOOC ( 9 4 %  d e s u l f u r i z a t i o n )  i s  achieved.  Bromine l e v e l s  
a f t e r  f u s i o n  a r e  u n i f o r m l y  l o w ,  c o n f i r m i n g  t h a t  o r g a n i c  h a l o g e n  i s  
removable by KOH fus ion .  

DISCUSSION 
The O x i d a t i o n  Step 

O u r  p r e v i o u s  p a p e r  e s t a b l i s h e d  t h a t  c h l o r i n e  is a n  e f f e c t i v e  
o x i d a n t  ( 7 ) ;  h o w e v e r ,  g a s e o u s  c h l o r i n e  i s  n o t  a s  e a s y  t o  s t u d y  i n  
d e t a i l  a s  i s  b r o m i n e  b e c a u s e  c h l o r i n e  c a n n o t  b e  i n t r o d u c e d  a s  
a c c u r a t e l y  nor  k e p t  i n  s o l u t i o n  a s  e a s i l y .  Therefore ,  w e  have d e t e r -  
mined t h e  s t o i c h i o m e t r y  o f  t h e  o x i d a t i o n  o f  c o a l  w i t h  b r o m i n e ,  
assuming t h a t  t h e  r e s u l t  c a n  be g e n e r a l i z e d  t o  t h e  o t h e r  halogens.  

_- 

Bromine  i s  consumed i n  f o u r  p h e n o m e n o l o g i c a l l y  i d e n t i f i a b l e  
processes :  (1) s u b s t i t u t i o n  f o r  hydrogen: ( 2 )  dehydrogenat ion  of t h e  
c o a l ;  ( 3 )  o x i d a t i o n  o f  i r o n  p y r i t e  t o  s u l f a t e  and f e r r i c  i r o n ;  and 
( 4 )  o x i d a t i o n  of d i v a l e n t  s u l f u r  compounds t o  t h e  t e t r a v a l e n t  s ta te ,  
e q u a t i o n s  1 -4  r e s p e c t i v e l y .  

I I 
-C-H + B r 2  -b -$-Br + H B r  (1) 

-6 -2  + B r 2  -b -&=Z + 2 HBI ( 2 )  
k H  
(Z = C ,  N ,  0 ,  S )  

2 FeS2 + 1 5  B r 2  + 1 6  H 2 0  + F e 2 ( S 0 4 ) 3  + H2SO4 + 30 H B r  ( 3 )  

R-S-R + 2 H20 + 2 B r 2  .-b R-SO2-R + 4 H B r  (4a) 

R-SH + 3 H 2 0  + 3 B r 2  .-b R-S03H + 6 H B r  (4b)  

G i v e n  t h e  f o l l o w i n g  d a t a :  (1) t h e  t o t a l  b r o m i n e  consumed,  ( 2 )  t h e  
amount  o f  b r o m i n e  i n c o r p o r a t e d  i n t o  t h e  c o a l ,  and  ( 3 )  t h e  l o s s  o f  
hydrogen  f r o m  t h e  c o a l ;  o n e  c a n  c a l c u l a t e  t h e  amount  o f  b r o m i n e  
consumed by p r o c e s s e s  1 and 2, and t h e n  by d i f f e r e n c e ,  t h e  amount of 
bromine consumed i n  o x i d i n g  s u l f u r .  

T a b l e  4 shows t h a t  e v e n  a t  a b r o m i n e  c o n s u m p t i o n  l e v e l  of  1 4  
B r  / l O O C ,  v i r t u a l l y  a l l  of t h e  consumed b r o m i n e  i s  a c c o u n t e d  f o r  
w i t h o u t  s u l f u r  o x i d a t i o n .  The c o n c l u s i o n  t h a t  some n o n - s u l f u r -  
o x i d i z i n g  p r o c e s s e s  a r e  v e r y  f a s t  i s  a l s o  b o r n e  o u t  by c a r e f u l  
c o m p a r i s o n  of h y d r o g e n  l o s s  v e r s u s  s u l f u r  r e d u c t i o n .  F i f t y - s e v e n  
P e r c e n t  o f  t h e  s u l f u r  i s  removed u n d e r  t h e  most  severe  b r o m i n a t i o n  
c o n d i t i o n s ;  roughly  o n e - t h i r d  o f  t h i s  s u l f u r  i s  removed a t  a bromine- 
t o - c a r b o n  r a t i o  of  0.12.  On t h e  o t h e r  hand ,  t h r e e - f o u r t h s  o f  t h e  
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hydrogen consumed under the severest conditions has been removed at a 
ratio of 0.12. 

Bromine in carbon tetrachloride or in water is used in most 
qualitative organic analysis schemes to diagnose the presence of (1) 
carbon-carbon unsaturation, (2) phenols, (3) compounds with 
relatively stable enol forms, ( 4 )  many amines, most notably anilines, 
and (5) other easily oxidized functional groups (8). Divalent 
organic sulfur compounds fall in this latter category along with 
hydroquinones and a few compounds possessing a very activated carbon- 
hydrogen bond. Thus, the concommitant consumption by coal of bromine 
in processes which do not oxidize sulfur is not surprising, and has 
been suggested before (9, 10); however, the extent to which it occurs 
is disconcerting. 

The Alkali Fusion Step --- 
The ratio of sulfur to carbon in the brominated coals drops 

modestly (from 1.5S/lOOC to O.SS/lOOC) when the bromine to carbon 
ratio increases from 0.12 to 0.40 (See Figure 3a). However, over the 
same range, the susceptibility of the product to subsequent sulfur 
removal by KOH fusion is markedly enhanced. Fusion of the aforemen- 
tioned samples with KOH leads to final sulfur values of O.SS/lOOC and 
O.lS/lOOC respectively (See Figure 3b). The organic sulfur in the 
sample treated with 40 Br /1OOC is clearly different from that in the 
sample treated with 12 &r /1OOC. On the basis of model compound 
studies reported previously (71 ,  we are confident that it is the 
oxidation state of sulfur which has changed. 

CONCLUSIONS 

This study shows that preoxidation of coal samples by bromine 
markedly increases the efficiency of sulfur removal by molten caustic 
treatment. Under conditions which give a 65% sulfur reduction with 
KOH fusion alone, a preoxidized sample can be 9 4 %  desulfurized. That 
some hydrogen substitution and dehydrogenation processes are faster 
than sulfur oxidation has been demonstrated. The substitution reac- 
tions are probably phenol brominations and the replacement of active 
aliphatic hydrogen by bromine. The dehydrogenation reactions 
probably involve oxidation of easily oxidized carbon-carbon and 
cabon-oxygen bond systems. 
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Table 2. Product Analytical Data for 
I Brominated W. Ky. #9 Coal. 

Tab - e , Bromine consumed by 
W. Ky. 119 Coal.* 

0 0 
13.3 12.2 
16.5 13.0 
26.2 18.5 
33.0 21.6 
39.1 23.3 

*One gram of W. Ky #9 coal con- 
tains .7086q :0.059g-atom) of 

- . - -  carbon. 

Table 3. Product Analytical Data 
for KOH Fused Samples. 

Run 
No. 

1 
2 
3 
4 
6 

- 

1 0 0 86.0 1.9 
2 11.9 7.1 68.3 1.5 
3 15.9 8.3 68.5 1.2 
4 23.8 8.6 65.6 1.1 
5 31.8 9.4 62.2 0.8 
6 39.7 9.8 41.9- Or9 

0.7 0.0 45.4 
0.8 0.1 41.2 
0.6 0.2 46.9 
0.3 0.3 43.0 
0.1 0.1 45.1 

Table 4. Relative Stoichiometries of Bromine Consumption. 

(mol Br2/100 g-atom c)consumed 

Substitu- Dehydro- Sum of 
Run tion for H genation processes 0bs.- 
NO. Process 1 Process 2 1 and.2 Obs. (1+2)* 

6 9.8 7.2 17.0 23.2 6.6 
5 9.4 7.2 16.6 20.2 3.4 
4 8.6 5.9 14.5 17.0 2.7 
3 8.3 4.6 12.9 13.8 0.5 
2 7.1 5.3 12.4 11.9 -0.5 

- 

*FeS2 requires 3.4 Br2!100 C; depending on functional group distribu- 
tion, organic S requires 1.9-2.8 Br2/100 C; total required for S 
oxidation is 5.3-6.2 Br2/100 C. 
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Figure 3 .  Sulfur to Carbon Ratio in 
W. Ky. # 9  Coal: (a) after Bromination 
for 60 Minutes, and (b) after KOH 
Fusion of the Brominated Samples. 
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VOLATILITIES OF INOHtiANIC ELEMENTS I N  COALS DURING ASHING 
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INTRODUCTION 

There  a re  seve ra l  reasons f o r  r e q u i r i n g  v o l a t i l i t y  i n f o r m a t i o n  i n  coa l  : 

Env i ronmenta l  
The f lame tempera tu re  w i t h i n  t h e  b o i l e r  f u r n a c e  o f  a p u l v e r i z e d  f u e l  power 

s t a t i o n  may reach w e l l  above 1600'C when b u r n i n g  a b i t u m i n o u s  c o a l .  The h i g h e r  
t h e  v o l a t i l i t y  o f  an e lement  a t  tempera tures  o f  t h i s  magn i tude t h e n  the  h i g h e r  
w i l l  be t h e  p r o p o r t i o n  o f  t h e  e lement  wh ich  w i l l  e v e n t u a l l y  escape t o  
atmosphere, e i t h e r  i n  vapor  fo rm o r  i n  condensed form on u n p r e c i p i t a t e d  f l y  ash 
p a r t i c l e s .  Elements wh ich  d i s p l a y  some t o x i c i t y  towards  human, animal o r  p l a n t  
l i f e  w i l l  t h e r e f o r e  tend  t o  impose a degree o f  d e t r i m e n t a l  impact  on t h e  
env i ronment .  

E n g i n e e r i n g  d e s i y n  

system must accommodate e lements  r e p o r t i n g  t o  t h e  p r i m a r y  bo t tom ash, 
p r e c i p i t a t e d  and u n p r e c i p i t a t e d  f l y  ash, and gaseous d i s c h a r g e  components. 
Foreknowledge o f  v o l a t i l i t y  i n f o r m a t i o n  can a s s i s t  i n  t h e  i n t e r p r e t a t i o n  o f  
da ta .  

A n a l y s i s  
Some techn iques  a r e  s u i t a b l e  

f o r  t h e  d i r e c t  d e t e r m i n a t i o n  o f  many e lements  i n  who le  coa l  samples w h i l e  o t h e r  
techn iques  r e q u i r e  an ashed sample. 

Data base i n f o r m a t i o n  

tempera tures  and atmospheres have been pub l i shed .  An i n v e s t i g a t i o n  c o v e r i n g  a 
l a r g e  number o f  e lements ,  coa l  types ,  and ash ing  tempera tu res ,  would c o n t r i b u t e  
s i g n i f i c a n t l y  t o  an unders tand ing  o f  what c o u l d  be expec ted  under  a g i v e n  s e t  o f  
c i r cums tances  . 

The achievement o f  a s a t i s f a c t o r y  mass ba lance  s t u d y  o f  a coa l  combust ion  

Coal i s  a v e r y  complex heterogeneous m a t r i x .  

Many r e p o r t s  o f  e lemen ta l  v o l a t i l i t i e s  a t  v a r i o u s  ranges o f  ash ing  

The l i t e r a t u r e  on e lement  v o l a t i 1 i t y . i n  coa l  i s  e x t e n s i v e .  A summary has been 
compi led  and d i scussed  i n  t h e  d e t a i l e d  NERDDP Repor t  c o v e r i n g  t h i s  work ( 1 ) .  
d i f f e r e n t  r e p o r t s  a r e  compared i n c o n s i s t e n c i e s  occu r  f o r  many e lements  as ash ing  
tempera tu res  a r e  r a i s e d  f rom 370' t o  2200°C. Severa l  r e p o r t s  d e t a i l i n g  ash d e r i v e d  
froin r a d i o f r e q u e n c y  oxygen plasma ash ing  (RFA) a t  15OoC i n d i c a t e  q u a n t i t a t i v e  
r e t e n t i o n  o f  most e lements  s t u d i e d  making i t  a v e r y  s u i t a b l e  m a t e r i a l  f o r  t h e  
a n a l y s i s  o f  i n o r g a n i c  e lements  i n  c o a l .  

p resen t  a t  t r a c e  t o  m i n o r  c o n c e n t r a t i o n s  i n  s i x  c o a l  samples. 

When 

T h i s  i n v e s t i g a t i o n  was des igned t o  s tudy  t h e  l o s s e s  o f  58 i n o r y a n i c  e lements  
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EXPEK IMENTAL 

A s e t  o f  s i x  c o a l s  ( f o u r  r e p r e s e n t a t i v e  A u s t r a l i a n  b i tum inous  c o a l s  and two IJS 
NBS s tandards ,  1632A and 1635) were chosen t o  fo rm t h e  p r imary  samples f o r  t h i s  
e f f o r t .  Severa l  o t h e r  c o a l s  were s e l e c t e d  t o  p r o v i d e  f u r t h e r  i n f o r m a t i o n  on 
spec i  f i c e l  ements . 
S i e b t e c h n i k  m i l l .  The p rocedures  f o r  t h e  p r e p a r a t i o n  o f  t h e  ash res idues  were as 
f o l  1 ows : 

150°C(RFA) - m u l t i p l e  0.6 y samples were processed i n  r e f r a c t o r y  boa ts  w i t h  a l a y e r  
l o a d i n g  o f  1.5 mg/mm2 i n  an LFE-504 Low Temperature Plasma Asher (150W 
power, 150 m l /m in  oxygen f l o w  r a t e )  u n t i l  c o n s t a n t  we igh t  was 
ach ieved.  The samples were removed f rom t h e  asher  t h r e e  t imes  d a i l y  
and raked w i t h  a s t a i n l e s s  s t e e l  s p a t u l a  t o  p resen t  a f r e s h  s u r f a c e  f o r  
o x i d a t i o n .  T o t a l  ash ing  t i m e  f o r  each sample was approx ima te l y  t h r e e  
days, excep t  NBS1635 wh ich  r e q u i r e d  seven days. 

37OOC - samples were p l a c e d  d i r e c - t l y  i - n to  a i a b o r a t o r y  a i r  oven m a i n t a i n e d  a t  
the requ i - red  tempera ture ,  and remained u n t i l  cons tan t  we igh t  was 
ach ieved  (app rox .  1 4  days ) .  

m in ,  t r a n s f e r r e d  t o  a second m u f f l e  a t  50OoC and b r o u g h t  t o  815OC over  
30 m in ,  t hen  h e l d  a t  815'C f o r  30 min.  

Each o f  t h e  c o a l s  was m i l l e d  t o  l e s s  than  76 um p a r t i c l e  s i z e  i n  a Slow speed 

- 

815'C - samples were p laced  i n  a fu rnace a t  200°C, and b rouyh t  t o  500'C ove r  30 

150OOC - samples o f  815°C ash were p laced  i n  a 10  m l  p l a t i n u m  c r u c i b l e  
( s p e c i a l l y  a l t e r e d  by  t h e  a t tachment  o f  f i n e  p l a t i n u m  w i r e s  t o  a l l o w  
m a n i p u l a t i o n  f rom above) ,  l owered  i n t o  t h e  h o t  zone o f  a v e r t i c a l  t ube  
fu rnace ,  and h e l d  a t  t h i s  tempera tu re  f o r  30 min .  A l l  o f  t h e  res idues  
f rom t h i s  p rocedure  had fused,  and were p u l v e r i z e d  i n  a S i e b t e c h n i k  
m i l l .  

The a n a l y t i c a l  methods employed f o r  d e t e r m i n i n g  t h e  58 e lements  i n  t h i s  s tudy  
were X- ray  spec t roscopy  (XRF), i n s t r u m e n t a l  n e u t r o n  a c t i v a t i o n  a n a l y s i s  (NAA), 
a tomic  a b s o r p t i o n  spec t roscopy  (AAS), i n d u c t i v e l y  coup led  plasma spec t roscopy  ( ICP) ,  
s p e c i f i c  i o n  e l e c t r o d e  p o t e n t i o i n e t r y  (IS€), and o p t i c a l  em iss ion  spec t roscopy  
( O E S ) .  The s p e c i f i c  d e t a i l s  f o r  t h e s e  procedures  have been p r e v i o u s l y  pub1 i shed  
(1 -6) .  The e lements  de te rm ined  by  each techn ique  a r e  summarized i n  Tab le  1. I n  
many cases, where p o s s i b l e ,  e lemen ts  were de te rm ined  b y  seve ra l  methods. 

RESULTS AND DISCUSSION 

An e lement  was c o n s i d e r e d  v o l a t i l e  i f  t h e  d i f f e r e n c e  between i t s  c o n c e n t r a t i o n  
i n  the  s t a r t i n g  c o a l  and i n  t h e  ash, on a no rma l i zed  b a s i s ,  was g r e a t e r  t h a n  t h e  
exper imen ta l  u n c e r t a i n t y  f o r  a p a r t i c u l a r  element.  A g r e a t e r  t han  20 p e r c e n t  change 
i n  c o n c e n t r a t i o n  was u s u a l l y  r e q u i r e d  f o r  t h e  change t o  be c o n s i d e r d  s i g n i f i c a n t .  
The v o l a t i l i t y  o f  an e lement  was d e s i g n a t e d  i n c o n c l u s i v e  when i t  was ve ry  near  the  
exper imen ta l  u n c e r t a i n t y  o r  i f  d i f f e r e n t  a n a l y t i c a l  t echn iques  i n d i c a t e d  c o n f l i c t i n g  
r e s u l t s .  

The r e s u l t s  o f  t h i s  s tudy  a r e  summarized i n  Tab le  2. On ly  s i x  o f  t h e  58 
e lements  i n v e s t i g a t e d  underyo  some degree  o f  v o l a t i l i z a t i o n  a t  t empera tu res  up t o  
815OC. 
selenium--was augmented a t  h i g h e r  tempera tu re ,  15OO0C, by  a f u r t h e r  t e n - - a r s e n i c ,  
g a l l i u m ,  germanium, manganese, po tass ium,  sodium, s t r o n t i u m ,  t h a l l i u m ,  y t t r i u m ,  and 
z inc - -wh ich  were each v o l a t i l i z e d  f rom a t  l e a s t  one o f  t h e  c o a l s .  Note  i n  Tab le  2 
t h a t  B i ,  Gd, Ho, and Te were be low t h e  l i m i t s  o f  d e t e c t i o n  f o r  a l l  t h e  s i x  c o a l s  

T h i s  g roup of e lements - -boron,  bromine, cadmium, f l u o r i n e ,  mercury ,  and 

1 
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i n v e s t i g a t e d ,  e l i m i n a t i n g  t h e  e v a l u a t i o n  o f  v o l a t i l i t y  t rends .  
Oy, and P) were be low d e t e c t i o n  i n  f o u r  o f  t h e  coa ls .  R e s u l t s  f o r  NBS1635 i n d i c a t e d  
seventeen elements were be low l i m i t s  o f  d e t e c t i o n .  Thus, under t h e  o x i d i z i n y  
c o n d i t i o n s  p r e v a l e n t  d u r i n g  t h e  p r e p a r a t i o n  o f  t h e  v a r i o u s  coa l  ashes, t h e r e  were 38 
e lements  which a t  no s tage  were observed t o  undergo s i g n i f i c a n t  v o l a t i l i z a t i o n .  

- RFA V o l a t i l i z a t i o n  

O the r  e lements  ( I n ,  

Mercury was c o n s i s t e n t l y  r e t a i n e d  i n  t h e  RFA r e s i d u e  o f  each o f  t h e  s i x  c o a l s  
s t u d i e d  i n  t h i s  p r o j e c t .  
unambiguous l o s s  o f  mercury .  
a c t u a l  tempera ture  o f  t h e  o x i d a t i o n ,  p o s s i b l y  e x p l a i n s  t h i s  d i sc repancy .  F o r  
example, t h e  sample l a y e r  l o a d i n y  w i t h i n  each sample c o n t a i n e r  i n s i d e  t h e  RF ash iny  
i ns t rumen t ,  t h e  p a r t i c l e  s i z e ,  t h e  m i n e r a l  m a t t e r  c o n t e n t ,  and t h e  chemica l  
compos i t i on ,  c o u l d  a l l  p l a y  a p a r t  i n  i n f l u e n c i n g  t h e  l o c a l i z e d  tempera ture .  

The i m p l i c a t i o n  o f  t h e  l i t e r a t u r e  was t h a t  b romine i s  v o l a t i l i z e d .  The 
' d i f f e r e n c e '  between t h e  l i t e r a t u r e  and t h e  p resen t  work d e r i v e s  f rom t h e r e  b e i n g  a 
v a r i a b l e  l o s s  observed h e r e i n ,  w i t h  f o u r  c o a l s  showing d e f i n i t e  v o l a t i l i z a t i o n ,  one 
(SC143B) showing r e t e n t i o n ,  and one (NBS1635) b e i n y  i n c o n c l u s i v e .  

c o n s i s t e n t l y  i s  r e t a i n e d  under t h e  c o n d i t i o n s  o f  RFA p r e p a r a t i o n .  There was, 
however,  t h e  s i n g l e  i n c i d e n c e  w i t h  SC146 i n  t h e  p resen t  work f o r  wh ich  t h i s  e lement  
was cons ide red  t o  have been v o l a t i l i z e d .  

Converse ly ,  t h e  l i t e r a t u r e  has r e p o r t e d  t h e  c o n s i s t e n t  and 
A t t e n t i o n  t o  d e t a i l s  o f  RF ash iny ,  wh ich  i n f l u e n c e  t h e  

Selenium i s  g e n e r a l l y  regarded as a r e l a t i v e l y  v o l a t i l e  t r a c e  e lement  though  

On ly  f l u o r i n e  was found t o  be v o l a t i l i z e d  s i g n i f i c a n t l y  d u r i n y  t h e  o x i d a t i o n  o f  

Low tempera tu re  ash i  ny,  a l t h o u g h  a t i m e  consuminy procedure ,  i s  h i g h l y  

each o f  t h e  coa ls .  

recommended f o r  p r e p a r i n g  coa l  samples f o r  ana lyses  where t h e  a n a l y t i c a l  method t o  
be used r e q u i r e s  t h e  carbonaceous m a t e r i a l  t o  be removed. O f  a l l  t h e  e lements  
surveyed i n  t h i s  s t u d y  o n l y  a few (F,  Br,  B, and Se) i n d i c a t e d  s i g n i f i c a n t  
v o l a t i l i t y .  It i s  recommended t h a t  l a b o r a t o r i e s  check t h e i r  ash ing  procedures  
c r i t i c a l l y  ( e s p e c i a l l y  f o r  Hg) b e f o r e  a t t e m p t i n g  t h i s  approach however. 

37OoC V o l a t i l i z a t i o n  

A t  a tempera tu re  o f  370°C se len ium was s i g n i f i c a n t l y  v o l a t i l i z e d  from f o u r  o f  
t h e  s i x  coa ls .  
l o s t  under these  ash ing  c o n d i t i o n s .  

Boron occup ies  a c u r i o u s  and s p e c i a l  p o s i t i o n ,  w i t h  r e g a r d  t o  t h e  v o l a t i l i t y  
d a t a  i n  t h i s  work as w e l l  as t o  t h o s e  l i t e r a t u r e  r e p o r t s  wh ich  have addressed t h e  
l ower  tempera tu re  v o l a t i l i z a t i o n  behav io r  o f  t h i s  e lement .  Boron v o l a t i l i z a t i o n  
d a t a  i m p l i e d  t h a t  t h e r e  were o c c a s i o n a l l y  s u b s t a n t i a l  l o s s e s  a t  370OC. 
815OC ash d a t a  f o r  t h e  above-ment ioned c o a l s  i n d i c a t e d  a r e t e n t i o n  o f  boron. The 
r e s u l t s  o f  t h e  p r e s e n t  s tudy  may be i n t e r p r e t e d  i n  te rms o f  r e s p e c t i v e  k i n e t i c s  f o r  
l o w  tempera tu re  v o l a t i l i z a t i o n  and h i g h e r  tempera tu re  o x i d a t i v e  r e t e n t i o n .  
w e l l  known t o  be p redominan t l y  a s s o c i a t e d  w i t h  o r g a n i c  m a t t e r  i n  c o a l s ,  an 
a f f i l i a t i o n  wh ich  has been proposed t o  e x p l a i n  t h e  h i g h  emiss ions  o f  t h i s  o t h e r w i s e  
r e f r a c t o r y  e lement  i n  t h e  s tack  gases from c o a l  f i r e d  power s t a t i o n s  ( 7 ) .  The 
compet ing  r e a c t i o n s  o f  o rgano-boron v o l a t i l i z a t i o n  and o x i d a t i o n  must be cons ide red  
t o  f a v o r  t h e  former a t  l o w  tempera tu res  and t h e  l a t t e r  a t  h i g h e r  tempera tures .  The 
absence o f  370°C l o s s  f o r  fl c o a l s ,  p l u s  t h e  v a r i a b l e  b e h a v i o r  w i t h  t h e  NBS1635 
ashes, i m p l i e s  a p robab le  s t r o n g  dependence o f  bo ron  v o l a t i l i t y  upon t h e  chemica l  
forms o f  t h e  e lement  p r e s e n t  i n  i n d i v i d u a l  c o a l s ,  and p o s s i b l y  l o c a l i z e d  o x i d a t i v e  
c o n d i t i o n s  d u r i n y  t h e  p r e p a r a t i o n  o f  t h e  ash res idues .  

I n  c o n t r a s t  t h e  l i t e r a t u r e  i m p l i e s  t h a t  se len ium i s  c o n s i s t e n t l y  

However, t h e  

Boron i s  
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815'C V o l a t i l i z a t i o n  

The 500"-9OO0C t e m p e r a t u r e  range ashes have been t h e  most e x t e n s i v e l y  
i n v e s t i g a t e d  i n  t h e  l i t e r a t u r e ,  w i t h  15 separa te  works b e i n g  a v a i l a b l e  f o r  
compar isons  w i t h  t h e  r e s u l t s  o f  t h e  p resen t  s tudy .  
" i n c o n c l u s i v e "  r e t e n t i o n  f r o m  l i t e r a t u r e  r e p o r t s  were found t o  be e s s e n t i a l l y  
r e t a i n e d  i n  t h e  815°C ash i n  t h i s  s tudy .  T h i s  i n c l u d e d  Sb, A s ,  8, C r ,  Co, Cu, Ga, 
Pb, Mn, Mo, Sn, T i ,  V and Zn. 
a t  815°C i n  c o n t r a s t  t o  l i t e r a t u r e  r e p o r t s  where r e t e n t i o n  was c la imed.  A l l  coa ls  
s t u d i e d  showed some s i g n i f i c a n t  l o s s  o f  Se a t  t h i s  tempera tu re .  
be e s s e n t i a l l y  r e t a i n e d  i n  t h e  s i x  c o a l s  t e s t e d .  

Four teen  e lements  l i s t e d  as 

Cadmium was found t o  be v o l a t i l i z e d  i n  seve ra l  coa ls  

Sodium was found t o  

15OO0C Vol a t i  1 i z a t i  on -__ 

The v e r y  h i g h  tempera tu re  t o  wh ich  these  ashes were heated  y i e l d e d  an i nc rease  
i n  e lemen ta l  v o l a t i l i t i e s  f rom a l l  c o a l s .  However, t h e r e  was no e lement  wh ich  was 
l o s t  f rom eve ry  one o f  t h e  s i x  p r i m a r y  c o a l s .  
a rsen ic  f rom f o u r ,  g a l l i u m  and y t t r i u m  f rom two each, and germanium f rom one 
b i tum inous  c o a l ,  w i t h  manganese, po tass ium,  sodium, s t r o n t i u m ,  and zi_n_C fcoin-NBSl635 
on ly .  In t h e  l i t e r a t u r e ,  one r e p o r t  i n d i c a t e d  c o n s j s t e n t  and comple te  
v o l a t i l i z a t i o n  o f  a r s e n i c  by  140@0C, whi-1-e t h e  a l k a l i s ,  sodium and po tass ium,  as 
w e l l  as stront.i.um,- *e re  c o n s i d e r e d  i n v o l a t i l e .  Coba l t  and vanadium were n o t  

-- -observed t o  have been v o l a t i l i z e d  f rom any o f  t h e  c o a l s  o f  t h i s  s tudy .  

T h a l l i u m  was l o s t  f rom f i v e  coa ls ,  

- Envi ronmenta l  Cons ide ra t i on&  

The v o l a t i l i t i e s  o f  t h e  i n o r g a n i c  e lements  s t u d i e d  i n  t h i s  p r o j e c t  a r e  o f  
c o n s i d e r a b l e  i n t e r e s t  i n  r e l a t i o n  t o  t h e  c l a s s i f i c a t i o n s  o f  p o t e n t i a l  env i ronmen ta l  
concern  as ass igned  i n  a N a t i o n a l  Research Counc i l  Panel Repor t  t o  t r a c e  e lements  i n  
r e f e r e n c e  t o  impac t  on e n v i r o n m e n t a l  q u a l i t y  and h e a l t h  ( 8 ) .  The exac t  reason ing  
beh ind  one o r  o t h e r  d e s i y n a t i o n  f o r  a p a r t i c u l a r  e lement  i s  q u i t e  complex, t a k i n g  
i n t o  c o n s i d e r a t i o n  such aspec ts  a s  t o x i c i t y  t o  human, animal and p l a n t  l i f e ,  
chemical  r e a c t i v i t y  f o l l o w i n g  r e l e a s e  i n t o  t h e  env i ronment ,  l e a c h a b i l i t y  by  
y roundwaters ,  amongst o t h e r s .  These e lements  a r e  c a t e g o r i z e d  i n  Tab le  3 and l i s t e d  
a l s o  acco rd ing  t o  t h e  f o l l o w i n g  v o l a t i l i t y  d e s i g n a t i o n s  as observed i n  t h i s  s tudy :  

( v o l a t i l i z a t i o n  g e n e r a l l y  observed i n  c o a l s  be low 815OC) 
moderate ( v o l a t i l i z a t i o n  obse rved  f o r  c o a l s  be low 1500OC) 
- l o w ( v o l a t i l  i z a t i  on neg l  i g i  b l e  a t  1500°C) 

Tab le  3 i n d i c a t e s  t h a t  6, Cd, Hg, Se, and F a r e  c l a s s i f i e d  as moderate o r  
g r e a t e s t  env i ronmen ta l  conce rn  and a l s o  h i g h  v o l a t i l i t y .  Bo th  B and F have 
r e l a t i v e l y  l a r g e  c o n c e n t r a t i o n s  i n  most c o a l s  (>50 ppm), Se i s  g e n e r a l l y  %l ppm or 
h i g h e r ,  and Hg and Cd tend  t o  be  l o w e r  t h a n  1 ppm. T h i s  comb ina t ion  o f  t o x i c i t y ,  
c o n c e n t r a t i o n ,  and v o l a t i l i t y  g i v e s  some q u a l i t a t i v e  emphasis t o  an e lements  
p o s s i b l e  env i ronmen ta l  impact .  

CONCLUSION 

The i n v e s t i g a t i o n  o f  t h e  v o l a t i l i t y  b e h a v i o r  o f  58 e lements  i n  c o a l s ,  f r o m  
ana lyses  o f  t h e  whole c o a l s  and t h e i r  ashes prepared under  s t a t i c  o x i d i z i n g  
c o n d i t i o n s  a t  t empera tu res  up t o  15OO0C, showed t h a t  o n l y  v e r y  few elements a r e  l o s t  
up t o  815'C. 
ash ing  t o  p r e p a r e  coa l  samples f o r  a n a l y s i s .  By 1500°C, v o l a t i l i z a t i o n  l o s s e s  o f  
n e a r l y  o n e - t h i r d  o f  t h e  i n o r g a n i c  e lements  s t u d i e d  became a p p r e c i a b l e .  

The most p r o b a b l e  f a c t o r s  a f f e c t i n g  t h e  v o l a t i l i t y  o f  an e lement  a r e  t h e  
ambien t  chemical  and p h y s i c a l  s t a t e s .  V o l a t i l i z a t i o n  w i l l  depend upon t h e  
d i s t r i b u t i o n  o f  t h e  e lement  between v a r i o u s  m i n e r a l  phases o r  o r g a n i c a l l y  a s s o c i a t e d  

T h i s  g i v e s  f u r t h e r  s u p p o r t  f o r  u t i l i z a t i o n  o f  l ow- tempera tu re  plasma 
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spec ies  i n  the  c o a l ,  and upon t h e  p r e v a i l i n g  tempera tu re  and o x i d i z i n g  o r  reduc ing  
c o n d i t i o n s  d u r i n g  combust ion.  
v a r i o u s  c o n d i t i o n s  suppor t  t h i s  conc lus ion .  
c o m p l e t i o n  o f  ash ing  under RFA and 37OOC c o n d i t i o n s  t a k e s  many days. 
s t u d y  c o u l d  no t ,  n o r  d i d  i t  seek t o ,  ach ieve  a tho rough  assessment o f  t hese  f a c t o r s .  

Observa t i ons  o f  bo ron  and mercu ry  v o l a t i l i t i e s  under  
Time e f f e c t s  may a l s o  be i m p o r t a n t ,  as 

The p resen t  
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Tab le  1. Methods U t i l i z e d  f o r  t h e  Ana lyses  o f  Coal and Coal Ash. 

t '  

f 

NAA XRF OES I C P  AAS I S E  

Ag X X 

A1 x x  
As x x  
B x x  
B a X X X X  

Be X 

B i  X 

B r  X '  X 

Ca x x  
Cd X 
Ce X X 

- c o x x x  

C r  X x x  
c s  x x 
cu  x x x  

~~ 

NAA XRF OES ICP AAS 

Lu x x 
Mg x x  
Mn x x x x  
Mo X X 

Na X x x x  
N i  x x x x  
P x x  
Pb X 

Rb X X X_- - 
Sb X X 

sc x x 
Se X X 

S i  

Sm X 

Sn X 

x x  

Dy X X Sr x x x  
E u  x Ta X X 

F X Tb X 

Fe x x  Te X 

Ga X X Th X X 
Gd X 

Ge X T1 X X 
H f  X X W X 

U x x  Hg X 

Ho X v x x x  
I n  x x  Y X 

x x x  Yb X X 

T i  x x x  

K X 

La X 

L i  X Zr 

Zn x x x x  
x x x  

Il 

I 

r 
I 

/ 
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T a b l e  2. Elements w i t h  s i g n i f i c a n t  v o l a t i l i z a t i o n  observed i n i t i a l l y  a t  i n d i c a t e d  
tempera tures .  

Coal Number RFA, 
(Rank C l a s s i f i c a t i o n )  %150°C 370°C 815OC 1500°C 

SC143B 
(B i tum inous )  

SC146 
(B i tum inous )  

SC147 
(B i tum inous )  

SC151 
(B i tum inous )  

NBS1632a 
(B i tum inous )  

NBS1635 
(Subb i tuminous)  

f l u o r i n e  broini  ne cadmi um 
merc u ry  s e l  e n i  urn 

b romine 
f l u o r i n e  
se len ium 

broini  ne 
f l u o r i n e  

bromine 
f l u o r i n e  

bromine 
f l u o r i n e  

bo ron  
f l u o r i n e  

bo ron  cadmi um 
mercury  

boron se len ium 
mercury  

boron 
mercury  
se len ium 

bo ron  
mercury  
s e l  e n i  um 

mercury  
s e l  en i uni 

a rse  i c  
g a l l  um 
t h a l  ium 
y t t r  urn 

a r s e n i c  
cadmi urn 
t h a l  1 i um 

a r s e n i c  
cadmi urn 
germani urn 
t h a l  1 i um 

a r s e n i c  
cadmi urn 
g a l l i u m  
t h a l l  i um 
y t t r i u m  

manganese 
po tass ium 
sodium 
s t  r o n t  i um 
t h a l l i u m  
z i n c  

Note  1. The f o l l o w i n g  e lements  may be v o l a t i l i z e d  a t  150OOC i n  t h e  i n d i c a t e d  c o a l s ,  
however t h e  d a t a  i s  e i t h e r  n o t  s u f f i c i e n t l y  a c c u r a t e  f o r  a f i r m  c o n c l u s i o n  
t o  be drawn o r  t h e r e  i s  un reso lved  c o n f l i c t  between d a t a  f rom d i f f e r e n t  
a n a l y s i s  techn iques :  

Ce (NBS1635) Pb (SC147) 
Ga (SC146) K (NBS1632 

Note  2. Boron was l o s t  o n l y  a t  37OOC from SC146, SC147, SC151 and NBS1632a, b u t  
f rom t h e  RFA, 37OOC and 1500°C res idues  f rom NBS1635. No B was l o s t  f rom 
any 815OC ash p r e p a r a t i o n .  

Note  3. Those e lements  wh ich  were be low t h e  l i m i t s  o f  d e t e c t i o n  a re  summarized as 
f o l l  ows: 

A1 1 coa l  s B i  , Gd, Ho, Te NBS1632A Dy, I n  
SC143B DY, In ,  P NBS1635 As, B r ,  Cd, Cs, Co, Dy 
SC146 I n  Ge, Hf,  I n ,  Lu, Rb, Sb, 
SC147 I n ,  P Sb, Sn, Ta, Th, U, Yb 
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Tab le  3. V o l a t i l i t y  c l a s s i f i c a t i o n s  o f  ' e lemen ts  o f  concern '  

NRC PECH Panel C l a s s i f i c a t i o n  (8)  e lement  v o l a t i l i t y  

g r e a t e s t  concern  a r s e n i c  mode r a t e  
boron h i g h  
cadmi urn h i g h  
1 ead 1 ow 
mercury  h i g h  
molybdenum 1 ow 
s e l  e n i  urn h i g h  

moderate concern  

m ino r  concern  

- 

r a d i o a c t i v e  

e lements  o f  concern  b u t  
w i t h  n e g l i g i b l e  c o n c e n t r a t i o n s  

chromi um 
copper  
f l u o r i n e  
n i c k e l  
vanadi  um 
z i n c  

an t imony 
b a r i  um 
bromine 
c h l o r i n e  
c o b a l t  
germanium 
1 i t  h i  urn 
manganese 
s o d i  um 
s t r o n t i u m  

t h o r i u m  
uran ium 

b e r y l  1 i um 
t e l l u r i u m  
t ha1 1 i urn 

1 ow 
1 ow 
h i g h  
1 ow 
1 ow 
mod e7-at e 

1 ow 
1 ow 
h i g h  

1 ow 
moderate 
1 ow 
moderate 
modera te  
moderate 

1 ow 
1 ow 
1 ow 

modera te  
t i n  1 ow 

R e f e r  t o  t e x t  f o r  v o l a t i l i t y  c l a s s i f i c a t i o n  bases. 
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DESCRIPTIVE OXIDATIVE PROFILES FOR PYRITE 
IN THE LOW TEMPERATURE ASH COMPONENT OF COALS 

BY DIFFERENTIAL THERMAL ANALYSIS 

C.M. PARNEST 

Perkin-Elmer Corporation 
Main Avenue - M/S 131 
Nowalk, CT 06856 

INTRODUCTION 

There are two forms of FeS2 which may be present in coals. Pyrite is m e  
cubic modification and marcasite is an orthorhombic form. Marcasite is referred 
to as the low temperature form. Of the two, pyrite is by far the most abundant 
in the mineral matter of coals. These sulfur-containing minerals are of special 
interest from an environmental standpoint since their combustion produces sulfur 
dioxide gas. 
of coals along with combined SOx(g) with any existing CaO(s) in the ash. 
amount of iron and its oxidation state influence the ash fusion temperature. 

The Fe203(s) product of oxidation contributes to the ash material 
The 

The mechanism of oxidation of pyrite and marcasite in air has been the sub- 
ject of much study and speculation (1-13). The techniques of differential ther- 
mal analysis (DTA), thermogravimetry (TG), and derivative thermogravimetry (DE) 
offer direct methods for studying the oxidative behavior of these minerals. 
Thermal analysis data on the oxidation of sulfides, in general, are somewhat in- 
consistent. It has already been pointed out by several workers (8,11,13), the 
factors which seem to be important in such thermal analysis studies are good air 
circuIation in the analyzer, constant experimental conditions, and small sample 
sizes. Kopp and Kerr (11) have reported that the oxidative peak temperature is 
lowered with decreasing particle size. 

In the course of a detailed thermal analysis study dealing with low tem- 
perature ash (LTA) components of several pyrite containing coals from south- 
western Illinois and eastern Kentucky, it was observed that the thermal analysis 
peaks obtained by DTA, TG, and DTG were, in many cases, either altered or shift- 
ed when compared to those exhibited by the individual minerals themselves. In 
the following study, some sample handling techniques, synthetic mineral mixtures, 
and low temperature ash materials are investigated in an attempt to explain some 
of these phenomena as observed in dynamic air atmospheres. 

EXPERIMENTAL 

The pyrite ore used in this study was obtained from Dr. 0. Katkins, Depart- 
ment of Geology, University of Pittsburgh at Johnstown (UPJ), Johnstown, PA. A 
second pyrite specimen was purchased from Wards Natural Science Establishment, 
Inc. (Rochester, NY). 
mechanical grinding prior to use. 
1 of this paper is that of the UPJ specimen. 

Both the UPJ and Wards specimen were subjected to careful 
The thermal curve shown for pyrite in Figure 

The high purity marcasite specimen (Iowa, USA) was obtained from F.I. Fiene, 
Institute for Mining and Mineral Resources (IMMR), University of Kentucky, 
Lexington, KY. 
tained from IMMR. 

All low temperature ash specimens of this study were also.ob- 
All pyrite estimates given for the LTA specimens were made 
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using a P h i l l i p s  Model 3100 X-Ray Diffractometer  l o c a t e d  a t  IMMR. 
a n a l y s i s  va lues  for t h e s e  LTA specimens w e r e  ob ta ined  us ing  a Perkin-Elmer Model 
240C Elemental Analyzer wi th  t h e  S u l f u r  Analysis  K i t .  
microcomputer d a t a  s t a t i o n  w a s  used wi th  the  elemental  ana lyzer .  These values  
represent  a l l  of  t h e  s u l f u r  contained i n  t h e  LTA specimen except  f o r  t h e  small 
q u a n t i t y  which may be present  a s  calcium s u l f a t e  o r  gypsum. 

The s u l f u r  

A Perkin-Elmer Model 240DS 

A l l  DTA thermal  curves  r e p o r t e d  i n  t h i s  work were obta ined  using a Perkin- 
Elmer microcomputer-based DTA 1700 High Temperature D i f f e r e n t i a l  'Ihermal Analysis  
System. 
ies presented h e r e .  
cup.  However, it was  found t h a t  plat inum l i n e r s  could a l s o  be used wi th  small 
p y r i t e  samples and wi th  a l l  LTA specimens of  t h i s  s tudy i n  dynamic air  purge. 
I n  these  c a s e s ,  t h e  p y r i t e  o x i d a t i o n  i s  complete p r i o r  t o  t h e  decomposition tem- 
p e r a t u r e  f o r  p y r i t e .  

Only t h e  DTA mode of  o p e r a t i o n  o f  t h i s  i n s t r m e n t  was used i n  t h e  s tud-  
Ceramic l i n e r s  (60 nun3) w e r e  used i n  t h e  DTA sample holder  

RESULTS AND DISCUSSION 

Pyr i te  and Marcas i te  Specimens 

In t h i s  s tudy ,  both p y r i t e  and m a r c a s i t e  specimens e x h i b i t e d  broad multT: 
- step-DTA o x i d a t i v e  p r o f i l e s  when DTA samples o f  approximately 2 1  mil l igrams were 

s t u d i e d  i n  an undi lu ted  fash ion .  The temperature  of i n i t i a t i o n  o f  t h e  exothermic 
a c t i v i t y  was ca.  36OoC when t h e  specimens w e r e  heated a t  10°C p e r  minute. 
temperature  range o f  t h e  exothermic o x i d a t i v e  p r o f i l e  was found t o  be  h i g h l y  de- 
pendent upon sample s i z e  and h e a t i n g  r a t e .  
h e a t i n g  r a t e s  gave o x i d a t i v e  p r o f i l e s  which were more s i n g u l a r  i n  n a t u r e  f o r  
these  undi lu ted  samples. 

The 

Smaller  sample s i z e s  and slower 

Di lu t ion  o f  t h e  p y r i t e  o r  m a r c a s i t e  wi th  alumina o r  i n e r t  m a t e r i a l  a l lows 
a b e t t e r  ox idant  a v a i l a b i l i t y  t o  t h e  sample material and more c l o s e l y  s imula tes  
the  d i s t r i b u t i o n  of p y r i t e  i n  n a t u r a l  specimens such as t h e  LTA component of  
c o a l s .  F igures  1 and 2 g i v e  t h e  DTA o x i d a t i v e  thermal curves  f o r  d i l u t e d  samples 
of p y r i t e  and m a r c a s i t e ,  r e s p e c t i v e l y .  A s  one can s e e ,  very s i m i l a r  o x i d a t i v e  
p r o f i l e s  a r e  obta ined  f o r  t h e s e  d i l u t e d  specimens. The major d i f f e r e n c e  which 
was observed i n  t h e s e  s t u d i e s  i s  t h a t  t h e  sharp  exothermic peak maximum f o r  t h e  
FeS2/A1203 mixture  was, on t h e  average,  25OC lower i n  temperature  f o r  t h e  marca- 
s i t e  specimens than  the  p y r i t e  specimens of  t h i s  s tudy.  No such d i f f e r e n c e  was 
observed f o r  t h e  broad exothermic p r o f i l e s  a s s o c i a t e d  w i t h  t h e  l a r g e r  undi lu ted  
samples. 

I 

H e r r i n  6 Specimen 

The o x i d a t i v e  p r o f i l e s  f o r  t h e  p y r i t e  component o f  low temperature  a s h  ma- 
t e r i a l s  from coals  a r e  somewhat d i f f e r e n t  from those  g iven  f o r  p y r i t e  and marca- 
s i t e  i n  F igures  1 and 2. 
was obtained f o r  a LTA specimen of  t h e  Herr in  6 seam (southwestern I l l i n o i s ) .  
one can s e e ,  a m u l t i - s t e p  exothermic o x i d a t i v e  reg ion  wi th  peak maxima a t  407OC, 
464OC, and 508OC i s  obta ined .  This LTA specimen was analyzed t o  conta in  9.9% 
s u l f u r  and t h e  p y r i t e  and m a r c a s i t e  content  was es t imated  by XRD t o  be  19% and 
2%, r e s p e c t i v e l y .  
oxygen plazma wheetempera tures  n e a r  100°C a r e  reached,  t h e  presence o f  consid-  
e r a b l e  i r o n  s u l f a t e s  i s  l i k e l y ,  
i n  a paper (17) which fo l lows  t h i s  w r i t i n g .  &IO and Gluskoter  (14) found t h e  
i r o n  s u l f a t e s  conten t  i n  44 specimens of  t h e  Herr in  6 seam t o  vary from 0 t o  32 
percent .  I n  g e n e r a l ,  however, t h e  i r o n  s u l f a t e  minera ls  r a r e l y  comprised more 
than  7 percent  of t h e  LTA m a t t e r  f o r  t h e  Herr in  6 seam. 

'Ihe DTA thermal  curve ;  shown i n  F igure  3, i s  t h a t  which 
As 

Since t h i s  coa l  was subjec ted  t o  low temperature  ash ing  i n  an 

This  t u r n s  out  t o  be t h e  case  a s  i s  descr ibed  
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Pyrite/Iron Sulfate/A120g synthetic Mixture ---- 
Since ferrous sulfate is known to be the intermediate step in the total 

oxidation of pyrite (4), a study was performed to determine the effect of the 
presence of iron (11) sulfates on the oxidative profile of pyrite. Figure 4 
shows the resulting DTA, 'E, and DTG oxidative thermal curves obtained from a 
synthetic mixture containing 23.1% pyrite, 13.76% FeS04.H20, and 63.1% A1203 
diluent were heated at lO0c per minute in dynamic air atmosphere. Although 
not labeled in the DTA thermal curve, the exothermic region gives peak maxima 
at 465OC and 52OoC with a relative minimum separating these at 478OC. 
endothermic event beginning near 6OO0C is the normal ferrous sulfate decom- 
position as observed in dynamic air atmosphere (16). When this DTA pattern 
is compared with that observed in Figure 1 for the pyrite/A1203 mixture, one 
will note that the presence of iron sulfates lowers the temperature of the 
major peak maximum by 27OC and also converts the oxidative profile to a clearly 
defined two stage event. 
common with that in the LTA material for the Herrin 6 seam which gives a maxi- 
nnnn at 464OC. 
thermic peak at 465OC is associated with a weight gain and the one at 520°C is 
associated with a weight loss event. 
iron sulfate synthetic mixture exhibits an iron sulfate decomposition above 
600°C while the thermal curves for pyrite/A1203 mixture did not. 

Variation of the F'yrite Exothermic Response 
with F'yrite Level in LTA Specimens 

The 

h e  will note that the peak maximum at 465OC is in 

The TG and DTG thermal curves in Figure 4 show that the exo- 

It should be pointed out that the pyrite/ 

A study was performed to see how the oxidative profile varied with the 
pyrite level in a series of L T A  ash specimens. 
from the Herrin 6 seam (southwestern Illinois), Hazard 8 seam (eastern Kentucky), 
and two specimens of the Hazard seam from two different locations in eastern 
Kentucky. Table I gives the estimated pyrite levels for three of the four LTA 
specimens as obtained by XRD techniques. The total sulfur, as assigned by the 
Perkin-Elmer 240C Elemental Analyzer, is also given for the LTA specimens. As 
one can see, the pyrite level varies from as high as 19% in the Herrin 6 speci- 
men to a low of 2% in the Hazard 7 LTA specimen. 

For this study, L T A  specimens 

Figure 5 shows the DTA oxidative thermal curves obtained for these LTA 
specimens in a dynamic air purge of 50 cc/min. 
23.1 mg for the Herrin 6, 35.0 mg in the Hazard 8, 29.5 mg in the Hazard 7,  
and 28.7 mg of the Hazard 7A LTA specimen. 
middle exothermic event (Tmax= 464OC) in the Herrin 6 specimen is in common 
with the other 3 specimens. 
LTA specimen and at 459OC in the Ha8ard 7A specimen. One will recall that this 
peak was also observed at 465OC in the synthetic pyrite/FeSOq mixture. 
temperature of this peak maxima decreases as the amount of pyrite decreases and 
thus occurs at 438OC for the Hazard 7 specimen which was estimated to contain 
only 2% pyrite. 

The sample weights used were 

One will immediately note that the 

This event is observed at 464OC in the Hazard 8 

The 

From these thermal curves one might predict that the exothermic oxidative 
profiles become multi-peaked and show activity at higher temperatures as the 
pyrite level increases. 
given earlier in this work. 
similar in all four of the LTA specimens even though the mineral content of the 
Illinois coal is quite different from the three Kentucky coal LTA specimens. 
All four LTA specimens contained significant iron sulfate component. %is iron 
sulfate level being less as the pyrite level decreases. 

This is in agreement with our previous experiments 
The temperature of onset of oxidation is very 

This may be seen by the 
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decrease in magnitude and temperature of the decomposition peak observed at 
667OC in the Herrin 6, 662OC in the Hazard 8, etc. This endothermic peak, in 
some cases, overlaps and predominates over less intense illite-smectite or 
smectite clay mineral dehydroxylation in these low temperature ash specimens. 

The clay mineralogy was noticeably different in the four LTA specimens. 
For example, all three of the Kentucky coals contained detectable levels of 
kaolinite, as is evidenced by the exothermic ordering peak (spinel formation) 
at 968OC. 976OC, and 984OC in the Hazard 8, Hazard 7, and Hazard 7A, respec- 
tively. 
detectability of DTA. The double endothermic peak at 108OC and 15OoC in the 
Herrin 6 specimen is due to the loss of interlayer water from both illite and 
illite-smectite mixed layer clay minerals. 
may also be due, in part, t o  the dehydration of iron sulfate species such as 
the FeS04.7H20 (melanterite), FeS04.4H20 (rozenite), and Fe2(S04)3.9H20 (co- 
quimbite). 
(lll°C) and Hazard 7A (113OC) specimens are due to the same water loss phe- 
nomena. 
iron sulfate component, the thermal curves for the three Kentucky specimens 
indicate that these endothermic events aremostly due to the presence of illite 
and mixed layer clays containing illite clay mineral. 

The Herrin 6 seam showed no evidence of kaolinite at the level of 

The lower temperature event (108'C) 

Likewise, the endothermic peaks in the Hazard 8 (113OC), Hazard 7 

Because of the fact that the Hazard 7 specimen contains very little 

_ -  
The Herrin 6 contained a measurable calcite component while the three 

Kentucky specimens did not. The endothermic peak at 89OoC in the DTA thermal 
curve for the Herrin 6 seam is associated with the decomposition of calcite 
although it is sharpened by its association with the oxidation products of the 
pyrite. This will be discussed in detail in a paper which follows (17). One 
will also note that the clay mineral dehydroxylation endotherm (ca. 54OoC) which 
is observed imediately after the pyrite oxidation is more distinguishable in 
the Hazard 7 and 7A specimens than in the Hazard 8 specimen. 
due t o  the lower kaolinite and higher pyrite level in this specimen than is 
present in the two Hazard 7 specimens. 

This is primarily 

CONCLUSION 

The temperature range as well as the nature of the exothermic oxidative 
profile for pyrite was found to be highly dependent upon sample size and heating 
rate. 
dative profile. 
inert material allows a better oxidant availability to the sample material and 
more closely simulates the distribution of pyrite in natural specimens such as 
LTA specimens from coals. 

Smaller sample sizes and slower heating rates favor a more singular oxi- 
Dilution of the pyrite or marcasite specimen with alumina or 

Tne presence of iron sulfates lowers the peak temperature and converts the 
oxidative profile for pyrite specimens to a two stage event. 
specimens, as well as LTA specimens from coals, containing significant levels of 
iron sulfates were observed to exhibit a DTA endothermic event between 63OoC and 
67OoC which is characteristic for the decomposition/oxidation of the iron sulfates 
component. This thermal event was absent from the DTA oxidative thermal curves 
for pyrite samples which initially contained no iron sulfates, 

Furthermore, pyrite 

The DTA oxidstive profiles for LTA specimens containing varying amounts of 
pyrite and iron sulfates showed that the exothermic oxidation of the pyrite com- 
ponent becomes more multistep in nature as the pyrite level increases. The iron 
sulfate content of the LTA material was observed to increase with the pyrite in 
the same specimen. This was reflected in the DTA thermal curves by the magnitude 
of the endothermic thermal event near 66OoC. In the LTA specimens of this study, 
this iron sulfate decomposition/oxidation endotherm near 660°C in the DTA thermal 

J 
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curve was observed to overlap and, in some cases, mask the less intense en- 
dothermic dehydroxylation peak of mixed layer clays which contain smectite 
clay mineral components. 
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Table I 

Pyrite and Total Sulfur Content 
For "he 

Four LTA Specimens Of This Study 

Pyrite 
LTA Specimen (XXD Estimate) 

Herrin 6 19% 

Hazard 7 2% 

Hazard 7A 5% 

Hazard 8 NA 

NA = Not Analyzed + -  

e 

Y I 
I- 
a 

D TA 
PYRITE/A120, MIX 

f 

I 

% Total Sulfur I 

9.9 

1.7 

I 

3 . 8  

MODE: DTA 
RANGE: 5 T  FULLSCALE 
SAMPLE WEIGHT : 4.15mg FeS 
HEATING RATE : 10°C/min. 
ATMOSPHERE I AIR 50cc/mtn 

- 
I I I I I I 

I50 300 450 600 750 900 
TEMPERATURE ("C) 

/ I  

Figure 1. DTA Oxidative Thermal Curve for PyritelA1203 Mixture 
Containing 4.15 mg of Fyrite 
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MARCASITE IN ALUMINA 
UT, &e7 SCAN RATE, 1o.m &y. in  
AnmsFwZRG AIR Y) c d m l n  

Figure 2. DTA Oxidative Thermal Curve for a Marcasite/A1203 Mixture 
Containing 4.87 mg of Marcasite 

i m -  
ICs 20280 LON TEMP ASH 
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\ 

Figure 3. DTA Thermal Curve for Low Temperature Ash Component 
of the Herrin 6 Seam in Dynamic Air Atmosphere 
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PYRITE / FeSO4 H20 /AI203 
MIXTURE 

(DYNAMIC AIR PURGE) 
MODE : DTA 
RANGE : 10"FULL SCALE 
SAMPLE WEIGHT : 13-68 mg 
HEATING RATE : 1O0C/min 
ATMOSPHERE : AIR 50cc/min 

\ >c _- 

SAMPLE WEIGHT I 10.61 mg 

DTG RANGE : 0.50mg/min. 
ATMOSPHERE : AIR Wcc/min. 
HEATING RATE : lO"C/rnin. 

WEIGHT SUPPRESSION : 80.0% 

I I I I I I I 

150 300 450 600 750 900 1050 

TEMPERATURE VC) 

Figure 4 .  DTA, TG, and DTG lhermal Curves for Pyrite/ 
FeS04.H20/A1203 Synthetic Mixture 
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